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An environmentally friendly method for the disposal of scrap tires is currently 
unavailable; as a result, ultimate disposal of used vehicle tires continues to be a major 
challenge around the world. In the United States (US), during the past two decades, scrap 
tires have been generated at the rate of approximately one tire per person per year (i.e., 
approximately 290 million new scrap tires every year). It is estimated that there are 
currently 2 billion tires stockpiled in the US. Due to various problems involved in the 
disposal of scrap tires, different alternatives for recycle and reuse have been examined; 
however, one concern is the leaching of different tire constituents (organic and inorganic) 
with time, and their subsequent potential harmful impacts on the environment. 
The main objective of this study was to perform a systematic investigation to 
examine the leaching of dissolved organic carbon and selected inorganic constituents 
from crumb rubber and tire chips under different water chemistry conditions: at three 
different pH values (4.0, 7.0 and 10.0) in distilled and deionized water, nd in the 
stimulants of acidic rain water (pH 3.0), hard groundwater (pH 8.3) and soft groundwater 
(pH 6.3) These are the water chemistry conditions that are likely to be encountered 
during scrap tire (crumb rubber or tire chips) reuse applications. O e hundred grams of 
crumb rubber (8x14 mesh size) or tire chips (1"×1", 2"×2", 4"×2" and 6"×2") were 
soaked and mixed in each leaching solution with a solid to solution rati  of 1:20 at room 
temperature for one month period. Samples were periodically collected and analyzed for 





arsenic (As), potassium (K), phosphorus (P), sodium (Na), manganese (Mn), iron (Fe), 
calcium (Ca), magnesium (Mg), aluminum (Al), copper (Cu), lead(Pb), selenium (Se), 
molybdenum (Mo) and nickel (Ni)), dissolved organic carbon (DOC), ultraviolet 
absorbance at 254 nm (UV254) and dissolved nitrogen (DN). Toxicity Characterization 
Leaching Procedure test was also performed to assess the toxicity of the leac ates. 
Results showed that the best condition for using scrap tire chips in environmental 
reuse applications was around the neutral pH conditions. Leaching of diss lved organic 
carbon and selected elements was minimal around the neutral pH values. pH was a more 
important parameter than conductivity of the solution in controlling the leaching of DOC 
and selected elements from scrap tires. The changes in conductivity did not have a 
significant impact on the leaching of organics or inorganics. When tir  chips were 
exposed to acidic conditions, Fe by far was the most significant metal leaching from tires 
at very large quantities (up to ~800 mg/ 100 g tire). The presence of organics 
significantly increased the Fe concentrations in water (e.g., ~ 20 mg/L at pH 4) above its 
solubility. Mn was the second metal observed leaching at acidic conditions; however at 
amounts (2-5 mg/ 100 g tire) significantly lower than Fe. When the tire chips were 
exposed to basic conditions, the leaching of DOC significantly increased (reaching 27 
mg/ 100 g tire). For crumb rubber, leaching of DOC reached up to ~120 mg/ 100 g tire, 
indicating that organic components in tires are more prone to leaching under basic 
conditions. Under the basic conditions, the leaching of inorganics, including Fe (<1 mg/ 
200 g tire) was significantly lower. As, Cd, Cr, Cu, Mo, Se, Ni and Pb were always below





The SUVA254 values of the leaching solutions remained in the range of 1.5 to 3.0 
L/mg-m during the experiments. A gradual increase in the SUVA254 values after the first 
week was observed, indicating an increase in the fraction of aromatic carbons leaching 
from the tires over time. The presence of some aromatic compounds in the leachate 
solutions was confirmed with gas chromatograph coupled with tandem mass spectrometer 
scans. Some of these compounds (e.g., aniline, benzothiazole, benzothiazolone) have 
been also reported in previous studies. 
Analysis of DOC leaching data showed that the mass of DOC leached during the 
first 12 hr consisted of 40-50% of the leaching during the first week and 20-25% of the 
leaching during the four weeks of experiments. Although the cumulative DOC mass 
leached from tires depended on tire size and leaching solution, the leaching rate remained 
constant regardless of tire type and leaching solution composition. Analysis of leaching 
rate of four metals (Zn, Fe, Al, Mn) at acidic conditions showed a rapid initial leaching 
rate for Zn, followed by a slower but constant rate, while there was a constant rate of 
leaching for Fe, Mn and Al from the beginning of the experiments without showing any 
sign of slowing down. This observation was attributed to the release of the Zn from the 
rubbery portion of the tires due to the relatively similar leaching patterns observed for 
DOC and Zn. On the other hand, Fe, Al and Mn are probably coming from the wires in 
tire chips and showed a continuous and constant rate of dissolution.  
Crumb rubber showed significantly higher degree of leaching than tire ch ps for 
all detected constituents except Fe, since the main source of the iron in tire chip was the 





were within the particle size range of practical applications, leaching from 1"×1" size tire 
chips, in general, was higher than the other particle sizes. The difference in leaching 
among other particle sizes (2"×2", 4"×2" and 6"×2") was relatively small or negligible for 
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An environmentally friendly method for the disposal of scrap tires is currently 
unavailable [Liu et al., 1998]; as a result, ultimate disposal of used vehicle tires continues 
to be a major challenge around the world. In the United States (US), during the past two 
decades, scrap tires have been generated at the rate of approximately one tire per person 
per year (i.e., approximately 290 million new scrap tires every y ar). It is estimated that 
there are currently 2 billion tires stockpiled in the US [Propovic, 2000]. A study 
conducted by the US Environmental Protection Agency (USEPA) indicate  that 77.6 
percent of the scrap tires accumulate in landfills, stockpiles and other illegal dumps. The 
remaining is used for energy generation (10.7 percent), recycling (6.7 percent) and export 
(5.0 percent) [EPA, 1991]. 
Tire disposal problems can cause serious environmental problems. Catatrophic 
fires and insect breeding are the two major health and environmental hazards associated 
with tire stockpiles [Liu et al., 1998]. Tire pile fires are dangerous, pose serious 
environmental problems, and are expensive to clean up afterwards. Tire fires mit clouds 
of noxious black smoke, carbon black, volatile organics, semi-volatile organics, 
polynuclear aromatic hydrocarbons, oil, sulfur oxides, nitrogen oxides, carbon oxides, 
and airborne particulates, such as arsenic, cadmium, chromium, zinc, iron, lead [Downs 





accumulation of rainwater. This creates an ideal breeding habitat for mosquitoes carrying 
serious diseases [Manchon-Vizuete et al., 2004]. In addition, disposal of crap tires in 
landfills has important challenges because they are non-biodegradable and bulky, they do 
not readily compact, and they may float to the surface after burial [Liu et al., 1998]. 
Due to voluminous production and various problems involved with the disposal of 
scrap tires, different alternatives for recycle and reuse have been examined [STMC, 
1997]. There are three basic approaches to address the scrap tire probl m: waste 
reduction, recycling, and resource recovery. This includes size reduction, 
devulcanisation, rubber reclamation, and pyrolysis. There are also several recycling 
options such as, use of scrap tires in highway constructions, in reefs, as barriers, 
adsorbent media, and incineration for energy production [Amoozegar and Robarge, 
1999]. Many of these methods are energy demanding and costly. In addition, they can 
solve only a small fraction of the tire disposal problem. 
In many reuse applications, especially during the direct use of tires (e.g., crumb 
rubber and tire chips) in the environment, one major concern is the leaching of different 
tire constituents (organic and inorganic) with time, and their subsequent potential harmful 
impacts on the environment. A typical tire structure includes synthetic rubber, natural 
rubber, sulfur and sulfur compounds, silica, phenolic resin, oil (aromatic n phthenic, 
paraffinic), fabric (polyester, nylon, etc.), petroleum waxes, pigments (zinc oxide, 
titanium dioxide, etc.), carbon black, fatty acid, inert materials, nd steel wire [RMA, 
2009]. As a result, the inorganic constituents in the leachates may include some heavy 





(PAHs) used in the rubber as a softener or filter [Wik and Dave, 2005]. A comprehensive 
understanding of leaching from tires is critical before developing direct application 
alternatives for waste tires as fillings, sorbents and possibly construction materials. 
Therefore, the main objective of this study was to perform a systematic investigation to 
examine the leaching of selected inorganic constituents and organics from tire crumb and 
tire chips under different water chemistry conditions. In addition, the proj ct sponsor, the 
Asphalt Rubber Technology Service (ARTS) and South Carolina Department of Health 
and Environmental Control (SCDHEC), had a special interest to further understand 
leaching from scrap tires. The research was designed to characterize and quantify the 
leachate composition in aquatic environments that are expected to be encountered during 
tires (crumb or chips) reuse applications. Different sizes of tire chips were soaked in 
representative aqueous solutions, and the leachates were monitored for s lected inorganic 










The main objective of this chapter is to provide a summary of the lierature 
regarding the leaching from scrap tires. It should be noted that an important fraction of 
the literature on this topic has been mainly published in reports prepared for various 
agencies and magazine articles. However, some peer-reviewed articles published in 
journals were also found and included in this review. 
By definition a scrap tire is a solid waste including any unwanted or discarded tire 
(regardless of type/size) that has been removed from its original purpose. In this manner, 
a tire which is no longer wanted to be used for its original purpose and has been disposed 
is recognized as a scrap tire. Consequently, scrap tires include al  whole scrap tires and/or 
pieces of tires [OhioEPA, 2007]. 
Ultimate disposal of scrap tires continues to be a challenge for the environment. 
Although advances in the design and manufacturing of tires have resulted in products that 
are safe, durable, wear resistant and long lasting, these important qualities have also 
created important disposal challenges [Zelibor, 1991]. The disposal problems along with 
the generation of scrap tires at a fast rate (i.e., approximately 290 million new scrap tires 
every year) have resulted in the accumulation of scrap tires in large quantities. It is 
estimated that there are currently 2 billion tires stockpiled in the US [Propovic, 2000]. As 





Therefore, there is great need for developing new solutions that will use large quantities 
of scrap tires thus preventing their accumulation. 
 
Structure and Components of Tires 
Most people think that tires are made of mostly rubber; however, automobile and 
truck tires are, in general, a complex combination of hydrocarbons, metals and minerals. 
There are many constituents that go into the manufacturing of a tire wi h the principal 
ingredient being either natural virgin rubber, synthetic rubber or recycl d tire rubber 
[Sonti et al., 2003]. Automobile tires are mostly made of artificial rubber (Styrene and 
Butadiene copolymers), while truck tires typically have natural rubber as the main 
constituent [O'Shaughnessy and Garga, 2000]. Other materials in tires include steel, 
nylon, polyester, rayon, carbon black, fiberglass, aramid and brass. In addition, one of the 
most important components of a tire is its casing, which is the woven fabric that provides 
the shape, houses the inner tube, and it is the surface on which the rubber t ead is 
vulcanized [Sonti et al., 2003]. 
Styrene–butadiene rubber (SBR) is the major component used in the 
manufacturing of automobile tires. Three parts of butadiene and one part of styrene are 
polymerized to form SBR (Figure 2.1). Other tire rubbers used are natural rubber (cis-
polyisoprene), synthetic cis-polyisoprene, and cis-polybutadiene [O'Shaughnessy and 
Garga, 2000]. Some of the other chemicals which are added to rubber during the 
manufacturing of tires include: carbon black to strengthen the rubber and increase 





rubber and increase its workability [Mastral et al., 2000]. The SBR is then cross-linked 
by sulfur linkages to improve its strength therefore the duration time of usage is 
increased. This is known as the vulcanization or cross-linking process [Cummings, 1998]. 
 
 
Figure 2.1: SBR polymerization schematic [Cummings, 1998] 
 
Apart from the chemicals, several different additives are also used depending on 
the tire type. The most common additives and their roles on the process are listed below: 
• Calcium oxide is used for improving the strength and the durability. 






• Copper (II) oxide is the bonding agent to aid the steel belt adherence to the SBR. 
• The zinc oxide, stearic acid, and an organo-sulfur accelerator are used to aid in the 
vulcanization process and enhance the physical properties of rubber. 
• Antioxidant and some other additives are also added to prevent deterioration of 
the rubber complex. Other elements in the tire composition include iron and 
titanium from the steel belts and sulfur from the vulcanization or cr ss-linking 
process. Tires also contain very small amounts of silicon, aluminum, magnesium, 
sodium, potassium, and phosphorus [Cummings, 1998]. 
The weight percentage of major components in car and truck tires are hown in 
Table 2.1. 
The rubber portion of a tire contains mostly carbon (88%), followed by hydrogen 
(8%), oxygen (2%), sulfur (1.5%) and some nitrogen (0.5%). Although most of the tires 
manufactured today are primarily steel-belted radial ply type, other types of tires are also 
available. Table 2.2 depicts the differences in various types of tires [Cummings, 1998]. A 







Table 2.1: The tire components by weight (%) [RMA, 2009] 
Material Density (ton/m3) Car/Utility (%) Truck/Lorry (%) 
Rubber/Elastomers* 0.91 ~41 ~41 
Carbon Black and Silica 2.3 ~28 ~28 
Metal 7.6 ~15 ~15 
Textiles, Additives, and 
Others 
N/A ~17 ~17 
Estimated Average Density (ton/m3): 1.25 1.28 
N/A: Not Available. 
*: Truck tires contain more natural rubber than synthetic rubber as compared to car tires. 
 
Table 2.2: Analysis of various tires by weight (%) [Cummings, 1998] 
Type Ash S C H N O 
Fiberglass 11.7 1.29 75.8 6.62 0.2 4.39 
Steel-belted 25.2 0.91 64.2 5.00 0.1 4.40 
Nylon 7.2 1.51 78.9 6.97 <0.1 5.42 
Polyester 6.5 1.20 83.5 7.08 <0.1 1.72 
Kevlar-belted 2.5 1.49 86.5 7.35 <0.1 2.11 
 
Table 2.3: Chemical composition of the ash by weight (%) [RMA, 1998] 
Component Passenger Tire Truck Tire 
SiO2 22.96 23.83 
Al 2O3 17.11 3.65 
TiO2 10.14 0.13 
Fe2O3 15.04 19.16 
CaO 2.52 2.45 
MgO 0.63 0.76 
Na2O 0.91 0.61 
K2O 1.00 0.90 
P2O5 0.64 0.75 
SO3 4.20 5.94 
ZnO 29.30 34.60 
BaO 0.02 0.012 
CdO ND 0.001 
Chlorine ND ND 
Cr2O3 0.03 0.029 
PbO 0.03 0.062 
Flourine ND 0.002 
Se ND ND 






Because various organic and inorganic chemicals are used in tire manufacturing, 
one major concern with scrap tires disposal and reuse is the potential l aching of those 
compounds, some of which are hazardous, to the environment. As a result, a number of 
studies have been performed to investigate the leaching from scrap tires. 
 
Leaching from Tires 
The removal of soluble material from a substance into a liquid is called 
“Leaching”. A product or solution formed by leaching, especially a solution containing 
contaminants picked up through the leaching process is called “Leachat ” [OhioEPA, 
2007]. There have been different studies undertaken to examine leaching from tires. This 
section summarizes the review from these studies in three parts: Toxicity 
Characterization Leaching Procedure (TCLP), laboratory leaching tests and field studies. 
In these studies, scrap tires have usually been used in pre-cut forms with designated 
dimensions, and submerged into different solutions or used in several applications. The 
leachates were then analyzed for the compounds of interest (either organic or inorganic). 
It should be noted that in this section, detailed information about the revi wed studies 
such as, dimensions and type (car/truck) of tires, solid to liquid rat o, conductivity, pH 
and leaching cycle, were provided if specified in a study; otherwise, it was presented with 







The TCLP is a test procedure developed by USEPA (Test Method 1311) to 
determine the mobility of both organic and inorganic analytes present in liquid, solid, and 
multiphasic wastes. TCLP is used to determine if a waste meets the definition of being a 
hazardous waste. The test simulates landfill conditions in which the percolating liquid 
often reacts with the solid waste in the landfill, and may pose public and environmental 
health risks because of the contaminants it absorbs. The TCLP analysis determines which 
of the contaminants identified by the USEPA are present in the leachate and their 
concentrations. The leachate should not contain any of the 40 contaminants above the 
limits outlined by USEPA (Table 2.4). Some studies have been conducted sing the 
TCLP to assess the leachates from scrap tires. In this sect on, the research on TCLP test 






Table 2.4: Regulated TCLP limits [EPA, 2009b] 
EPA Hazardous Waste code  Contaminant  Regulated Level (ppm) 
D004  Arsenic 5.0  
D005  Barium 100.0  
D018  Benzene  0.5  
D006  Cadmium 1.0  
D019  Carbon Tetrachloride 0.5  
D020  Chlordane 0.03  
D021  Chlorobenzene 100.0  
D022  Chloroform 6.0  
D007  Chromium 5.0  
D023  o-Cresol 200.0  
D024  m-Cresol 200.0  
D025  p-Cresol 200.0  
D026  Cresol 200.0  
D016  2,4-D 10.0  
D027  1,4-Dichlorobenzene 7.5  
D028  1,2-Dichloroethane 0.5  
D029  1,1-Dichloroethylene 0.7  
D030  2,4-Dinitrotoluene 0.13  
D012  Endrin 0.02  
D031  Heptachlor 0.008 
D032  Hexachlorobenzene 0.13  
D033  Hexachlorobutadiene 0.5  
D034  Hexachloroethane 3.0  
D008  Lead 5.0  
D013  Lindane 0.4  
D009  Mercury 0.2  
D014  Methoxychlor 10.0  
D035  Methyl ethyl ketone 200.0  
D036  Nitrobenzene 2.0  
D037  Pentachlorophenol 100.0  
D038  Pyridine 5.0  
D010  Selenium 1.0  
D011  Silver 5.0  
D039  Tetrachloroethylene 0.7  
D015  Toxaphene 0.5  
D040  Trichloroethylene 0.5  
D041  2,4, 5-Trichlorophenol 400.0  
D042  2,4,6-Trichlorophenol 2.0  
D017  2,4,5-TP (Silvex) 1.0  






One of the most comprehensive studies regarding TCLP test for tires was 
undertaken by Zelibor [1991]. In this study, the leachates from repres ntative tires 
(grounded and ungrounded, cured and uncured, and truck and passenger tire samples) 
were investigated. The results indicated that TCLP regulatory limits were not exceeded 
for any tire or rubber compound. Most of the compounds were at trace con ntrations 
which were 10 to 100 times lower than the TCLP regulatory limits or USEPA drinking 
water standard maximum contaminant level (MCL) values. 
Another study was reported by Ealding [1992]. TCLP test was conducted on the 
representative 600 grams of tire chips. Instead of 20 times fold required by TCLP, a ratio 
of 1 to 2.84 (solid to liquid) was used in the experiments. The results indicated that the 
inorganic concentrations in the leachates were below the regulatory imits (Table 2.5), 
although the experimental condition was seven times more concentrated th n the normal 
TCLP test. 
 
Table 2.5: The concentrations of TCLP parameters reported by Ealding [1992] 
Element Concentration 
Cd 1.55 ppb 
Cr 2.8 ppb 
Pb 19.6 ppb 
Ag <1.0 ppb 
Ni 39.7 ppb 
Al 148.0 ppb 
Cu 83.0 ppb 
Sn <25 ppb 
Fe 120.0 ppm 
Zn 10.6 ppm 
Mg 0.108 ppm 






Downs et al. [1996] conducted TCLP test on two types of tires (steel belt d and 
fiberglass) and the effect of washing the tires prior to testing. Their analysis involved 
both organics and inorganics. For the regulated TCLP metals, they detected barium (Ba), 
cadmium (Cd), chromium (Cr) and lead (Pb). The results indicated that the metals in the 
leachates were below the regulatory limits. The only regulated organic compound 
detected was 1,2-Dichloroethane and its concentration was below its regulatory limit. 
Also, the authors concluded that washing the tires with distilled and deionized water 
(DDW) prior to use had no significant effect on the concentrations of these compounds. 
Al-Tabbaa and Aravithan [1998] investigated the use of natural clay-shredded tire 
mixtures as landfill barriers, and tested tire shreds by TCLP test for the use in landfills. 
The researchers reported only copper (Cu) and nickel (Ni) leaching. They had observed 
that the 1-4 mm size tire particles produced higher concentrations of the detected metals 
than the 4-8 mm size tire particles (Table 2.6). The results howed that the leachate 
contained 10 to 100 times lower concentrations than regulatory limits. 
 
Table 2.6: TCLP test results from Al-Tabbaa and Aravithan [1998] 
Tire Size Cu (mg/L) Ni (mg/L) 
1-4 mm 0.24 0.59 
4-8 mm 0.21 0.56 
 
Considering the non-toxic classification of tire leachates from TCLP tests, several 
states have allowed the reuse of tires in different applications. In South Carolina (SC), the 
reuse of tires is outlined by “SC Solid Waste Policy and Management Act”. In September 





Environmental Health at SCDHEC approved the use of tire chips as a substitute for 
gravel aggregate in the trenches of septic systems on a one-for-one volumetric basis. In 
December 1995, The Division of Onsite Wastewater Management revised the standards 
to require that tire chips must be between 0.5 and 4 inches in size with steel wires not 
protruding more than 0.5-inch from the sides of the chips. For use in septic ystems, at 
least 90% of the tire chips must meet these revised standards. 
In addition to TCLP tests, some additional toxicology testing were also preformed 
with tire leachates. Even though, these studies mostly focused on the toxicity of the 
leachate their results presented important key findings in terms of leaching from scrap 
tires. Gualtieri et al. [2005] investigated the toxicity of tire debris leachates. They used 
tire debris (10-80 µm) produced in laboratory from rubber. In the experiments, 50 and 
100 g/L tire particles were used to produce leachates over the pH range of 3 to 7, and 
then the leachates were tested on Raphidocelis subcapitata, Daphnia magna and Xenopus 
laevis embryos to evaluate the toxicity of the leachate. Although the study focused 
mainly on the toxicity effect of leachate, their study is important for the demonstration of 
factors such as pH, and influence of size and particles aggregation on leaching. For 
instance, they had demonstrated that the leachate of smaller size tire chips were more 
toxic than bigger cut tire chips even though mass of bigger chips was twice more than 
small cut chips. 
Azizian and Nelson [2003] investigated the leaching from ground tire rubbe  that 
was used in bituminous construction and as a crack sealer. DDW was used in the 





inorganic constituents in the leachates, and also tested the toxicity f the leachates. They 
concluded that 50% of total leaching during one week occurred within the first 10 h of 
the experiments. Among the 20 inorganic constituents, only aluminum (Al) and mercury 
(Hg) were found at levels that were toxic to Selenastrum capriconutum and Daphnia 
magna. Also, they detected 10 organic contaminants in the leachates (Phthalaic 
anyhydryde, benzothiazole, decanoic acid, benaldehyde, glycine, quinoline, 
benzothiazole, hexadecanoic acid). Benzothiazole and 2(3H)-Benzothiazolone were also 
detected at concentrations that were toxic to Selenastrum capriconutum and Daphnia 
magna. 
 
Laboratory Leaching Tests 
Laboratory tests can be used to determine the types of contaminants th t may 
leach from a scrap tire. Information obtained from these tests is u eful in designing prior 
to a comprehensive field study to evaluate their environmental effects. Following studies 
reported in the literature investigated the leaching from scrap ti es under laboratory 
conditions. 
One of the most comprehensive laboratory studies on tire chips under various 
conditions was performed by Twin City Testing Corporation in 1990 to evaluate their 
performance for use in roadway sub-grades [Twin City Testing Corporation, 1990]. 
Leaching from scrap tires were tested under four scenarios. First, the pH of leaching 
solution was adjusted to 3.5 with acetic acid. In the second test, the leaching solution was 




as the leaching solution to simulate the possible effects of road salt on the tires, a
fourth leaching solution was with a mixture of ammonium hydroxide and ammonium 
acetate solution at pH 8.0. Leachates from the waste tires were analyzed for the presence 
of organic compounds. Organics analysis included total petroleum hydrocarbons (T
and PAHs. PAHs and TPHs were found to be most leachable under basic conditions. 
Leachates were also analyzed for the presence of inorga ics including, 
Pb, Hg, arsenic (As), calcium (Ca)
silver (Ag), stannum (Sn), and zinc
leaching from tire chips occurred under acidic conditions. Figure 2.2 illustrates the 
summary of findings from the study conducted by Twin C ty Testing Corporation.
 
Figure 2.2: Illustration of test results 
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leaching solutions. For the inorganic constituents, only As was found at concentrations 
higher than the controls. Then in a second set of experiments, three differ nt sizes of tire 
chips (1"×1", 2"×2", 4"×4") were subjected to nine different aqueous solutions with three 
pH levels of 5.4, 7 and 8.6, and each pH with three total dissolved solid values of 100, 
500, and 2,500 mg/L for a contact time of 91 days. Toluene, m/p xylene, o-xylene, 
ethylbenzene, 2-ethyltoluene, propylbenzene, 1,2,3-trimethylbenzene, a d 1,2,4- 
trimethylbenzene were detected in leachates. Only As and Zn were consistently higher 
than the detection limits in the leachates. No Se was detected in any of the leachates, but 
Cd, Cr, and Pb were often detected in trace concentrations. The researchers concluded 
that organic compounds and metals leached from tire chips, and indicated th  the 
majority of compounds identified in the study were used in the manufacturing of tires. 
Lerner et al. [1993] found that pH and electrical conductivity had little to no impact on 
leachability of chemicals from tire chips, which was not consistent with the observation 
at the Twin City Testing Corporation study, summarized previously. The size of tire 
chips affected the leaching of organic compounds. With the decreasing tire size, the 
degree of leaching increased. They also concluded that tire chips appeared to drive the 
pH of the leachate from acidic and neutral toward alkaline conditions. 
Downs et al. [1996] investigated the long term leaching from a mixture of 3"×3" 
tires (steel belted and fiberglass). Eight reactors were set up including three reactors for 
three types of soils (till, clay and peat), three reactors with tire chips and one of the soil 
type, and two reactors, one with washed tire chips and other with unwashed tire chips. 





held (no mixing) at ambient temperature (15-20ºC) for a period of ten months. Ba, Cr, Fe, 
Zn and manganese (Mn) were detected and Fe and Mn exceeded their MCLs listed in 
National Secondary Drinking Water Regulations (NSDWR). However, Ba, Cr, and Zn 
levels were below their corresponding MCLs. It was also observed that Ba, Cr, Cu, Fe, 
Pb, Mn, and Zn in soil samples were increased. Some of the organic compounds detected 
were: 4-acetyl-morpholine, 2(3)-benzothiazolone, aniline, benzenepropanoic acid,
benzothiazole, benzoic acid, bromomethane, benzene, trichloroethene, toluene, cis-1,2-
dichloroethene, bromodichloromethane, trichloromethane, naphthalene, and 1,1-
dichloroethene. 
Spagnoli et al. [2001] evaluated whether tires would be a source of organic and 
metal contamination in groundwater when used in a septic system. They tested the 
leachability of tires in a wastewater to simulate the water in a typical septic tank. 
Researchers compared new tires with old tires, and used stone as control. Leachates were 
characterized for metals, Volatile Organic Compounds (VOCs), and Semivolatile 
Organic Compounds (SVOCs). Organic leaching potential of volatile and semi volatile 
compounds under submerged conditions was evaluated by measuring the concentrations 
of fifty-one selected VOC and SVOCs. The results showed the presnc  of no VOCs, 
while for SVOCs, only aniline and total creosols were detected. Fe, Mn, Zn, Ba, and Cu 
were detected in the leachate at concentrations higher than found in the control (i.e., 
stone). Results also indicated that As, Cu, Ni, and Pb concentrations in the leachate were 





In most of the cases, Fe and Mn were reported as the most leaching compounds, usually 
followed by Zn and Al. 
O’Shaughnessy and Garga [2000] performed laboratory column tests on car tire 
chips embedded in inert Unimin quartz sand. Three different leaching solutions (DDW at 
pH 3.5 adjusted by sulfuric acid, at pH 6.5 and at pH 9.5 adjusted by sodium hydroxide) 
were tested. They analyzed the leachate for a number of inorganic co stituents and 
organic compounds. benzothiazole, (1,1-dimethylethyl)-2-methoxyphenol, 2,5-
dibutylthiophene, 4-(2,2,4-trimethylpentyl)phenol, 2(3H)-Benzothiazolone, and 4-(2-
benzothiazolythio)morpholine. Leaching of organic compounds from the tire chips 
decreased with the time. The inorganic analyses indicated an increase in Al, Fe, Zn, and 
Mn concentrations which, with the exception of Zn, exceeded their respective drinking 
water standards. On the other hand, leaching of the following elements from tires was 
relatively negligible: Ba, Cd, Cr, Pb, Se, Cu, Ca, Mg, sodium (Na), potassium (K), 
chloride, fluoride, and sulphate. All of the organic compounds analyzed were detected in 
the leachates. However, it was observed that the total leaching of or anics decreased with 
each leaching cycle. 
The two studies performed by Ealding [1992] and Sengupta and Miller [1999] 
focused only on the inorganic compounds leaching from scrap tires. Ealding [1992] 
investigated the leaching of metals from scrap tires under different pH conditions. The 
experiments were conducted from one hour to one year contact time, at pH v lues of 4.0, 
7.0 and 8.0. Five hundred grams of shredded tires were placed in 2-3 liters of l aching 





was used, for pH 7.0, a 0.9% sodium chloride solution was used to mimic the road salt 
effect, and for pH 8.0 solution, a mixture of 1% ammonium acetate and 0.5 N ammonium 
hydroxide was used. The experiments were conducted in the dark at a temperature of 70-
80°F and containers were shaken continuously and leaching solutions were repl nished 
weekly. Samples were collected periodically, filtered and filtrates were digested and 
analyzed for Al, As, Ba, Ca, Cd, Cr, Cu, Fe, Hg, Mg, Ni, Pb, Ag, Se, Zn and Sn. Some of 
the important findings from this study were that metals leached more readily under acidic 
conditions (pH 4.0). The most abundant metal in the leachate was Fe followed by Zn and 
Ca. Leaching of other elements was much less particularly at higher pH’s. Although 
organics were not analyzed in that study, it was noted that at higher pH values, carbon 
black was extracted along with an oily material. 
Sengupta and Miller [1999] investigated the use of 2-inch scrap tire chips instead 
of gravel in residential subsurface leaching fields. They initially investigated the pH 
effect by conducting batch experiments at pH 6.2 and 3.5. The solutions were filtered and 
acid digested for inorganic analysis. The results indicated that leaching of metallic 
constituents from tires increased with decreasing pH. In the second part of their study, 
they had conducted column experiments which were operated at pH 6.4 and 3.0. pH 
stayed constant for the column that was operated at pH 6.4, however, the effluent pH 
increased to 6.0 for the other column with an influent pH of 3.0. Samples were analyzed 
for inorganic constituents only. The data showed that Fe, Mn, chloride and sulfate 
leached the most. Since, all of these compounds that were listed in NSDWR, they 





in National Primary Drinking Water Regulations (NPDWR). They observed that metals 
leached continuously whereas chloride and sulfate showed a decreasing concentration 
profile with the increased volume of water passed through the column. Also, metals 
leached more with the decreasing pH. 
Overall, some general observations from the laboratory studies reviewed in this 
section are: 
(i) pH of the solution was driven to alkaline conditions by tires [Lerner et al., 
1993],  
(ii)  an influence of pH on leaching from tires was observed in studies conducted 
over a pH range [Twin City Testing Corporation, 1990; Ealding, 1992; 
Sengupta and Miller, 1999], while the effect of pH and conductivity of the 
solution was not observed in one study [Lerner et al., 1993], 
(iii)  leaching of metals increased under acidic conditions [Twin City Testing 
Corporation, 1990; Ealding, 1992; Sengupta and Miller, 1999]. Fe and Mn 
were observed in most studies at high concentrations [Downs et al., 1996; 
Spagnoli et al., 2001; O’Shaughnessy and Garga, 2000; Sengupta and Miller, 
1999], while Zn and Al were found at lower concentrations as compared to 
Fe and Mn [Lerner et al, 1993; Downs et al., 1996; Spagnoli et al., 2001; 
O’Shaughnessy and Garga, 2000; Azizian and Nelson, 2003]. Any other 
metals, if observed, their concentrations were usually at trace levels, 
(iv) hydrocarbons leaching was observed more under basic conditions [Twin City 





several leachates and most of the detected organics were linked to the 
compounds used in the manufacturing of tires, and 
(v) an increase in leaching was observed with decreasing particle size [Lerner et 
al., 1993; Gualtieri et al., 2005]. 
 
Field Studies 
Some researchers have investigated the leaching from tires in field studies. 
Typically, scrap tires were shredded and placed in trenches. Downgradient water and soil 
samples were monitored periodically for the compounds of interest. 
Humhrey and Katz [1996] evaluated the water quality effects of tire shreds placed 
below the water table. Groundwater samples were collected from the upper gradient, 
within the trench, and downgradient. Samples were taken over a four-year period and 
analyzed for a range of metals, VOCs, and SVOCs. From the tested 82 VOCs, cis-1,2-
dichloroethene, benzene, 1,1-dichoroethane, 4-methyl-2-prentanone, 1,1,1-
trichloroethane, 1,1-dichloroethene, xylenes, toluene, trichloroethene, 2-butanone, 
chloroethane and acetone were reported to be released from tire shreds at trace levels. For 
compounds that are in NPDWR, the levels were well below their MCLs. Also, from the 
69 SVOCs monitored, aniline, phenol, m-- and p-cresol, benzoic acid, N-
nitrosodiphenylamine, benzothiazole, 2(3H)-benzothiazolone, 3-methylbenzenamine, di-
n-butyl-phthate, cyclohexanol, 2,6-bis-(1,1-dimethylethyl)-2,5-cyclohexadine-1,4-dione, 
2,6-bis- (1,1-dimethylethyl)-2, 4-(2-benzothiazolythio)-morpholine, diethytoluamide, 3-





N-(1,1-dimethlyethyl)- formamide, butanoic acid, and isothiocyanato cyxlohexane were 
found in most of the samples. The following metals, As, Ba, Cd, Cr, Cu, and Pb, that are 
listed in the NPDWR were tested, and only Ba was found to be higher than the 
background concentrations. The following metals, Ag, Al, Fe, Mn, and Zn, in the 
NSDWR, were also tested. Elevated levels of dissolved Fe, Mn, and Zn were recorded, 
whereas there was no change in the concentrations of others. All of the selected inorganic 
constituents appeared to decrease in the downgradient. Another study conducted by 
Humphrey et al. [1997] was to assess the potential leaching of organic and inorganic 
chemicals from tire chips placed above the ground water table under roads in Maine. 
Initially, tire chips were placed below a section of a road, and groundwater samples were 
collected. Groundwater samples were analyzed for total dissolved A , Ba, Ca, Cd, Cu, Cr, 
Fe, Pb, Mg, Mn, Se, Na, Zn, Cl, and sulfate. Except for Al, Fe, and Mn, the 
concentrations of individual cations and anions were similar to background groundwater 
concentrations. Later, drainage water samples were collected from the tire chip fill areas 
directly beneath the fill layers. In addition to metals, the leachate samples were analyzed 
for selected VOCs and SVOCs. The amount of organic constituents in the water samples 
were below the detection limit for the respective analytical procedures. For inorganics, 
the concentrations of Fe and Mn were consistently higher in the leachates. 
Following studies also investigated the use of scrap tires in trenches or septic 
systems. O’Shaughnessy and Garga [2000] collected water samples from a drainage 
system installed below the tire-reinforced earthfill and analyzed for chemical 





above the water table indicated that insignificant adverse effects on groundwater quality 
had occurred over a period of 2 years. Selected inorganic constituents included Ba, Cd, 
Cr, Pb, Se, F, Mn, Cu, Fe, Zn, Na, chloride, and sulfate. No significant concentration 
change was observed for any of the compounds. All of the compounds were well b low 
their respective regulated limits (MCLs in either NPDWR or NSDWR). In this 
investigation, only one organic compound, namely 4-(2-benzothiazolythio) morpholine, 
was detected in one of three test sections and in two of seven sampling events. 
A study conducted by University of Massachusetts [Sengupta and Miller, 2000] 
investigated the use of tires in trenches. Three trenches were constructed (two of scrap 
tires and one trench filled with gravel) and pits were lined with a geomembrane for the 
collection of effluent. The effluent was monitored for parameters such as, pH, 
conductivity, total alkalinity, biochemical oxygen demand, fecal coliform, total 
suspended solids, ammonium nitrogen, orthophosphate phosphorus, sulfate, chloride, Al, 
Mn, Cu, Cr, Fe and Zn. It was found that trenches with scrap tires did not leach any toxic 
metal or inorganic anion. The only compound that exceeded the NSDWRs MCL was Mn. 
Lerner et al, [1993] evaluated the use of tire chips in septic systems. An experimental 
septic system was operated for 101 days, one filled with 1"×2" size tire chips and one 
filled with commonly used gravel aggregate. Water samples were collected and analyzed 
for 46 compounds, 11 acidic compounds, 16 pesticides and SVOCs, and a series of 
VOCs. The results showed that there was no leaching of SVOCs. As for the VOCs, 1,3,5-
trimethylbenzene and methyl isobuthyl ketone were found at low concentrations only in 





period. As for the inorganic elements, Cr, Pb, Sn, and Zn were detected at trace 
concentrations. 
Also, Downs et al. [1996] investigated the use of tires in trenches in different 
types of soils (till, clay and peat). Groundwater samples were collected from the 
upgradient, trench and downgradient and samples were analyzed for metals, org nics, 
biochemical oxygen demand, chemical oxygen demand, total organic carbon, lkalinity, 
pH, conductivity, chloride and sulfate. Field study results were consiste t with their lab 
studies. Ba, Cr, Fe, Mn and Zn were detected and Fe and Mn exceed d th ir MCLs listed 
in NSDWR, whereas, Zn was within the regulatory limits. Ba and Cr were detected at 
trace concentrations. Some of the organic compounds detected were: 1,1-dichloroethene, 
(Z)-1,2-dichloroethene, 1,1,1-trichloroethane, benzene, toluene, naphthalene, phenol, p-
creosol, 1H-Isoindole-1,3(2H)-dione, 2(3)-benzothiazolone, aniline, benzothiazole, 
butanoic acid, benzoic acid, and cyclohexanol. 
Edil and Bosscher [1992] investigated the use of tires in embankments. They 
collected samples from a test embankment that was constructed with eight tire chip-filled 
cells. Two sources of scrap tires had been studied but no control seci n was used in their 
study. Fe, Zn, Mn levels at high concentrations (The compounds were within the MCLs 
of NSDWR); however, it was implied that they might had come from other sources. 
The results of the field studies, although limited, indicate that the major concern is 
with the aesthetic water quality parameters such as Fe, Mn, Zn and Al [Humhrey and 
Katz, 1996; Humphrey et al., 1997; O’Shaughnessy and Garga, 2000; Sengupta and 





exceed their MCLs for NSDWR except for Sengupta and Miller’s [2000] and Downs et 
al.’s [1996] field tests. Also, no significant concentration of other inorganic constituents 
has been reported. No major concern has been reported for the organics, few organic 
compounds have been detected and those organic compounds were at trace levels 
[Humhrey and Katz, 1996; Humphrey et al., 1997; O’Shaughnessy and Garga, 2000; 










Considering the facts that (i) approximately 290 million new scrap tires are 
generated per year in the US, (ii) it is estimated that t ere are currently 2 billion tires 
stockpiled in the US, and (iii) 77.6 percent of scrap tires ends up in landfills, stockpiles 
and other illegal dumps, there has been a continuous effort for developing 
environmentally friendly, sustainable, and feasible solutions for reuse of tires. At the 
same time, there has been some concerns from the reuse of scrap tires, as documented in 
recent news stories (Appendix A), including potential leaching of organic and inorganic 
compounds into local water sources. Although some research have been conducted on 
this topic, as reviewed in the previous chapter, there is still much to learn about the 
leaching of organic and inorganic constituents from scrap tires. 
The main objective of this study was to examine the leaching of selected 
inorganic constituents and organics from crumb tire and tires chips under repr sentative 
water chemistry conditions. Specifically, this research investigated: 
• The effect of aqueous chemistry on the leaching of organic carbon and 
inorganic constituents from tires 
The effect of pH was examined in many previous studies. In this study, in addition 
to pH effect, leaching from tires was examined under simulated soft and hard 





chemistry conditions likely to be encountered in tire reuse applications and 
disposal scenarios were investigated. In addition, leaching under the TCLP 
condition was examined. Many times in the literature, the leaching of both 
inorganic and organic constituents were not examined during the same study. 
Therefore, this is the one of the few study in the literature simultaneously 
examining the leaching of organic and inorganics constituents from tires in a 
wide aqueous chemistry and the TCLP conditions. 
• To examine the leaching of total dissolved organic carbon and dissolved 
nitrogen from tires 
Most of the time, the emphasis in the literature was given on the leaching of some 
specific VOCs and SVOCs from tires. There is no study documenting the leaching 
of overall dissolved organics from scrap tires under different water chemistry 
conditions. Understanding the overall dissolved organic leaching is important 
because it will provide information about the magnitude of dissolved organics 
leaching, although as a surrogate measure, from scrap tires. The concentrations 
of these organics can be much higher than the amounts of VOCs and SVOCs 
detected at micro concentrations as reported in previous studies. Since they are in 
dissolved state, they are likely to enter to water sources or may get in contact with 
public, creating various concerns. In this study, leaching of non-volatile dissolved 
organic carbon (DOC) was monitored. DN was also monitored because it was 
possible to measure both DOC and DN in the same sample during analysis. The 





ultraviolet absorbance at 254 nanometers (UV254). In selected samples, the 
composition of organics in the DOC mixture was qualitatively scanned and 
identified using a Gas Chromatograph coupled with tandem Mass Spectrometer 
(GC/MS/MS). 
• To quantify the leaching of organics and inorganic constituents from scrap 
tires as a function of time during one month period 
Although leaching from tires has been investigated in the literature, the rate of 
leaching has not been quantified and has only been reported in one study. In this 
study, leaching from tires was monitored periodically for one month period to 
gain some insight to the rate of leaching from tires. 
• To examine the effect of particle size on leaching 
Although the effect of particle/tire chip size has been previously investigated, this 
study investigated all the objectives above in a wider particle/tire chip size range 
that are expected to be used in practical applications. 
Table 3.1 shows the experimental matrix conducted during this study. 
 
Table 3.1: Experimental matrix 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0*      
pH 7.0*      
pH 10.0*      
Rainwater (pH: 3.0)      
Soft GW (pH: 6.3)      
Hard GW (pH: 8.1)      
TCLP Test      







MATERIALS AND METHODS 
 
Tire Chips 
Scrap tires for this research were supplied by the ARTS Center at Clemson 
University. Tires were stockpiled after completing their purpose of use until taken for 
shredding. The tires supplied in the study were a mixture of car and truck tires 
(approximately 90% car and 10% truck tires). All the tire chips were uniformly cut by 
ARTS Center, and the experiments were conducted for four different particle sizes: 
1"×1", 2"×2", 4"×2" and 6"×2" chips. The average thickness of tire chips was about 0.4 
inches. The steel wires at the sides of the tires were cut before the experiments. This 
particle size range were selected to be consistent with “SC Solid Waste Policy and 
Management Act”, in which for applications in septic systems tire chips must be between 
0.5 and 4 inches in size with steel wires not protruding more than 0.5 inch from the sides 
of the chips. In addition to the tire chips, crumb rubber (14-8 mesh size) was also 
included in the matrix to examine the behavior of a tire chip pulverized at ambient 
temperature after the removal of wires. 
Representative shapes and properties of tires used in the experiments are given in 
Table 4.1 and some pictures of tires chips before and after the leaching experiments are 
shown in Appendix B. All chips were rinsed with DDW prior to experiments in order to 

























































12.0 6.4 30.4 
a: Tires chips were laid on a flat surface and the dimensions were measured to calculate the top surface area. 
b: Side surface area of selected tire chips were measur d and average values were reported. 
c: The summation of measured of top, bottom and side surface areas of tire chips. 
d: Approximate number of crumb rubbers in 100g estima ed by counting crumbs in 0.5g, 1g, and 2.5g 
samples, and taking the average. 
e: BET surface area was determined by analyzing crumb rubbers in the surface area analyzer. 
f: Theoretical surface area was estimated by calculating the surface area of an average particle size 
(diameter of 1.9 mm) as a sphere and then multiplying by the number of crumbs. 







Leaching from tires was investigated under six different water chemistry 
conditions: in leaching solutions at pH 4.0, 7.0 and 10.0, and an acidic rain water, and 
hard and soft groundwater simulants. For the leaching solutions, pH of DDW was 
adjusted using high purity 0.25 M NaOH (Titristar Grade) or HCl (OmniTrace Grade for 
Inductively Coupled Plasma (ICP) analyses) without using any buffer. In Table 4.2, the 
concentrations of the constituents in the rainwater, hard and soft groundwater (GW) 
stimulants are shown. The compositions of the simulants were determined based on the 
reports literature [Hem, 1985; Drever, 1982; Kim and Aneja 1992]. The overall 
experimental matrix conducted during this project was provided previously in Table 3.1. 
 
























Hard GW 8.1 56.0 26.0 59.0 3.2 622 129.0 53.0 22.0 742 
Soft GW 6.3 2.9 0.6 4.7 1.0 20 1.0 0.5 16.4 88.5 
Acidic 
Rainwater 
3.0 0.7 0.1 0.3 0.2 N/A 40.9 1.9 N/A 314 
*: All parameters except these three were measured. These three components were in the simulant recipe 
but their final concentrations in the simulant soluti ns were not quantified. 








The crumb tires or tire chips were soaked in each leaching solution at a constant 
solid and solution ratio (mass ratio of 1:20) and room temperature (22±2ºC) under the 
same mixing conditions on a rotary thumbler. Since the tire mass w  kept constant at 
100 g in all experiments, different numbers of tire chips were placed in 2.5-L wide mouth 
amber bottles with Teflon lined cap for the experiments depending on particle size and 
filled with 2 liters of leaching solution (Table 4.1). One soaking cycle continued for one 
week. During this period, pH of the leaching solution was recorded and adjusted daily to 
its initial value by using high purity 0.25 M NaOH or HCl. 30 mL of samples were 
removed, after each sampling the same volume of fresh leaching solution was added back 
to reactors. Samples were analyzed for inorganic and organic constitue ts. At the end of 
one week period, tires were separated by filtration, and leaching solution was replaced 
with a fresh solution in order to maintain high concentration gradient for leaching. This 
one week soaking procedure was repeated for one month, by the time leaching 
significantly slowed down. Leaching experiments were run in duplicates; however, if 
there was a deviation more than 20% between the total mass of a constituent leached 
from two samples, and an additional leaching experiment was conducted. 
 
Sampling Method 
The bottles were sampled periodically (Regular sampling days: 1, 3, 5, 7, 8, 10, 
12, 14, 15, 17, 19, 21, 22, 25, and 28; for selected leaching solutions additional samples 





30mL latex free and poly lined syringe) through a pre-washed 0.45-µm membrane filter 
(Pall Corporation, acrodisc syringe filters with Supor membrane (hydrophilic 
polyethersulfone)) into two separate vials: high-density polyethylene (HDPE) vials for 
inorganic analyses which were acidified with high purity nitric acid (Omnitrace Grade for 
ICP analyses), and borosilicate amber glass vials for DOC, DN and UV254 analyses. In 
order to maintain the solid to liquid ratio constant in the bottles, after each sampling the 
same volume of fresh leaching solution was added back to the reactors. Since 30 mL of 
sample was taken daily, there was no significant dilution effect on the leachate after the 
replacement of leaching solution. 
 
TCLP Test 
TCLP test was performed following EPA’s method 1311. The method involved 
extraction of scrap tires with an amount of extraction fluid equal to 20 times the weight 
(100 g of tires : 2 L of extraction fluid). The extraction solution c sisted of 5.7 mL of 
glacial acetic acid and 64.3 mL of 1 N NaOH per 1 liter with a pH of 4.93 ± 0.05. Size 
reduction was not employed to the tires in order to monitor the size effect. Tires and 
extraction solution were placed in a 2.5 L amber borosilicate glass with Teflon lined cap, 
and agitated (end-over-end fashion) at 30 rpm for 18 hours. At the end of contact period, 
samples were taken with (BD 30mL latex free and poly lined syringe) and filtered 
through 0.45-µm membrane filters (Pall Corporation, acrodisc syringe filters with Supor 
membrane (hydrophilic polyethersulfone)), and acidified with high purity nitric acid and 





Spectrometry) at Agricultural Service Laboratory in Clemson Univers ty (Table 4.4). Due 
to funding limitations in this study, only the inorganic constituents lis ed in Table 4.4 
were monitored during the TCLP tests. 
 
Analytical Methods 
Analytical methods described in this section have already been available in Dr. 
Karanfil’s research group from previous projects. The author of this the is used these 
analytical tools to produce the experimental results presented in his document. Table 4.3 
shows a summary of analytical methods used in this project. Each method was also 
briefly described after the table. 
 
Table 4.3: Analytical methods and minimum reporting levels 




DOCb (mg/L) SMc 5310B 
High Temperature 
Combustion 









(abs) SM 5910 Cary 50, Varian Inc., USA 0.003e2 
pH  SM 4500-H+ 420A, Orion Corp., USA ±0.01f 
Inorganic 
Constituents 
(µg/L) SM 3120B 
ARCOS ICP-OES outfitted 
with axial plasma 





a: As reported by the manufacturer. 
b: Reagent grade potassium hydrogen phthalate was used to prepare external standards. Precision ranged 
from 0.05 to 0.15 mg/L. 
c: SM: Standard Methods. 
d: Reagent grade potassium nitrate was used to prepare xternal standards. 
e1: Measured at wavelength of 254 using a 1-cm cell. 
e2: Photometric accuracy (absorbance units). 






Dissolved Organic Carbon 
DOC was measured using a Shimadzu TOC-VCSH high temperature combustion 
analyzer equipped with an auto-sampler. For DOC analysis samples wer  acidified by 
HCl. Acidified samples were purged for four minutes prior to analysis. DOC standards 
were prepared in the range of 0.2 to 15 mg/L from a 1000 mg/L stock solutions of 
potassium hydrogen phthalate. DOC samples were preserved by reucing the sample pH 
to less than 2 and refrigeration. 
 
Dissolved Nitrogen 
DN was measured using a total nitrogen analyzer (Shimadzu, TNM-1) equipped 
with the DOC analyzer. The same injection made for DOC analysis was also used in the 
DN determination. DN standards were prepared in the range of 0.4 to 10 mg/L from a 
1000 mg/L stock solution of potassium nitrate. 
 
UV Absorbance 
UV absorbance was measured using a Cary 50 UV-Vis spectrophotometer 
(Varian). Samples were placed in a 1-cm quartz cuvette and measured at the wavelength 
of 254 nm. The spectrophotometer was blanked using the corresponding leaching 
solution of each experiment. Blank checks were performed every 10 samples, and the 







The pH values for samples were measured using SM 4500-H+ pH electrode with 
an Orion 420A pH meter (Orion Corp., USA). The pH meter and electrode wer  daily 
calibrated using standard pH 2, 4, 7 and 10 buffer solutions. 
 
Inorganic Constituents Analysis 
Inorganic constituents were measured by Kathy Moore in Clemson University 
Agricultural Service Laboratory using Spectro ARCOS ICP-OES outfitted with axial 
plasma observation. Detection limits of the constituents are given in Table 4.4. 
 
Surface Area Analysis 
The surface areas and total pore volumes of crumb rubber samples wer  
determined from nitrogen gas adsorption results. Nitrogen gas adsorption isotherms were 
volumetrically obtained in the relative pressure range of 10-6 to 1 at 77 K on a 
Micromeritics ASAP 2010 physisorption analyzer. Surface area was calculated from 
Brunauer-Emmett-Teller (BET) equation. The relative pressure range used for the BET 
calculation was 0.01 to 0.1. The adsorbed volume of the nitrogen near saturation point 
(P/Po = 0.98) was used to determine the total pore volume. Triplicate results of randomly 
selected samples were used to determine the reproducibility of the data and the relative 
standard deviation of the BET surface area, and the total pore volume was lower than 
10%. These characterization experiments were performed by Dr. Shujuan Zhang, who is 






Table 4.4: Detection limits of elements measured with ICP-OES 
Element Wavelength (nm) Detection Limit (µg/L) 
Ag 328.07 0.4 
Al 167.08 0.05 
As 189.04 2.0 
B 182.64 0.5 
Ba 455.40 0.03 
Be 313.04 0.08 
Br 154.06 30.0 
Ca 396.84 0.03 
Cd 226.50 0.2 
Cl 134.72 50 
Co 228.62 0.2 
Cr 267.72 0.4 
Cu 324.75 0.3 
Fe 259.94 0.3 
Hg 184.95 0.5 
I 161.76 50.0 
K 766.49 1.0 
Li 670.78 0.04 
Mg 279.55 0.01 
Mn 257.61 0.03 
Mo 202.03 0.5 
Na 589.59 0.8 
Ni 231.60 0.6 
P 177.50 2.0 
Pb 168.22 1.3 
Sb 206.84 2.5 
S 180.73 3.0 
Se 196.09 2.5 
Si 251.61 2.2 
Sn 189.99 0.6 
Sr 421.55 0.03 
Ti 334.94 0.2 
Tl 190.86 1.0 
V 292.46 0.4 








Carbon, hydrogen, nitrogen, sulfur and oxygen contents of crumb rubbers were 
determined using Thermo EA 1112 CHNS-O. In order to dehumidify samples, crumb 
rubbers were stored in the desiccator. 0.1 mg of sample was combusted at 1,800 ºC in the 
presence of excess oxygen and combustion reagents. Samples were combusted 
completely and reduced to the elemental gases CO2, H2O, N2 and SO2. For the oxygen 
content, samples were pyrolyzed in a helium/hydrogen (95%:5%) atmosphere at 1,000 
°C. The results were reported as weight fractions. 
 
Dry Ashing 
Ash content of the crumb rubber or tire chips was determined by placing  
dehumidified sample in an open inert vessel and destroying the combustible portion of 
the sample by thermal decomposition using a muffle furnace. To facilitate the digestion, 
tire chips were cut to 0.5"×0.5" size. Ashing temperature was 550 °C and samples were 
left for 24 hours for complete combustion of the sample. The dried samples were 




Acid digestion was used to analyze the contents of tire ashes. T samples were 
digested using a high purity concentrated nitric acid over a hot plate until a light colored, 





Digested samples were let to settle overnight to remove insoluble mat rial. Decanted 
samples were diluted and analyzed with ICP-OES at Agricultural Service Laboratory in 
Clemson University. 
 
Preparation, Analysis and Identification of Organic Compounds 
In selected samples, organics in the leaching solutions were extract d using a 
method available in Dr. Karanfil’s research group. The goal here was to qualitatively 
identify some of the organic compounds in the leaching solution. A 20 mL of sample was 
extracted with 4 mL of methyl tert-butyl ether (MtBE) in the presence of 10 g Na2SO4 
(for salting out effect) and 1 g of CuSO4 (for facilitating phase separation). The extraction 
involved 30 min of solution shaking on a shaker table. The MtBE extract ws analyzed 
with Varian 4000 GC/MS/MS equipped with Rtx®-5MS (RESTEK, 30m × 0.25mm × 
0.25µm). The temperature program was set at 35°C for 4 minutes, 20°C /min to 285°C, 
and held for 1.5 minutes. The sample (10 µL) was injected in splitless mode. The carrier 
gas was ultra high purity helium with a flow rate of 1.0 mL/min. The injector temperature 
was set at 240°C to maximize volatilization of compounds and the transfer line 
temperature was 200°C. The MS was operated at automatic electron impact ionization 
mode with the following specifications: mass range from 40 to 400 m/z, 2 µScans 
averaged, target total ion current of 25,000 counts, max ion time of 30,000 µseconds, 
emission current of 25 µamps. The organic compounds were identified using the library 







RESULTS AND DISCUSSION 
 
The results obtained in this research will be presented in three sections in this 
chapter. The first section will provide the results for the characte ization of scrap tire 
particles, which will be useful for examining the leaching behavior of tires. In the second 
section, the leaching from tires under different aqueous chemistry conditions will be 
discussed. The TCLP test results will be provided in the last section to discuss the 
potential toxicity of tires. 
 
Characterization of Scrap Tires 
In order to examine leaching from scrap tires, it is useful to examine their 
physical and chemical characteristics. This section will present a discussion of the 
characterization data collected for tire chips used in the experiments. Surface area, pore 
volume, elemental content and ash compositions were examined. 
 
Surface Area and Pore Volume Analyses 
Due to particle size requirements for nitrogen gas adsorption analysis, crumb 
rubber samples were used in the surface area and pore volume determinations. The 
average BET surface area and total pore volume of triplicate samples were 0.9596 ± 





surface area indicated that surface of tires were very small and measured value was found 
within the range (0.059 – 3.5 m2/g by N2 adsorption for similar sized crumb rubbers) 
reported by previous studies [Holland et al., 1994; San Miguel et al., 2002]. Pore volume 
analysis indicating that the tires did not have appreciable pore volume by N2 adsorption, 
which was consistent with previous researches [Holland et al., 1994; Manchon-Vizuete et 
al., 2004; Manchon-Vizuete et al., 2005; Bilgili et al., 2001]. This data sugge ted that 
leaching from tires could occur primarily from their external surfaces. 
 
Elemental Analysis 
For the elemental analysis, six crumb samples were analyzed (Table C.2). Since 
the elemental analyzer measures carbon, hydrogen, nitrogen, sulfur and oxygen of a 
sample, the remaining fraction was considered as ash fraction. The results from these two 
set analyses were compared and found to be consistent. Average values are presented in 
Table 5.1. 
 
Table 5.1: Elemental analysis 
Element Weight Fraction (%) 
Carbon 80.51 ± 3.78 
Hydrogen 7.33 ± 0.18 
Nitrogen 0.43 ± 0.08 
Sulfur 1.06 ± 0.15 
Oxygen 2.47 ± 1.64 
Ash 8.21 ± 2.19 
 
Several studies examined the elemental composition of different types of tires 





studies [Cummings, 1998; Manchon-Vizuete et al., 2005]. The results confirmed the 
presence of a high carbon content in the tire structure, which is con istent with the 
manufacturing process (SBR and carbon black) [Cummings, 1998; RMA, 1998]. 
Similarly, there is a significant fraction of hydrogen in the structure which is also related 
to SBR. During the polymerization step, the effect of sulfur addition s also reflected in 
the results. Different tire types have different sulfur contents simply due to integrity 
requirements. Oxygen was detected in all samples and the main source of oxygen was 
attributed to presence in organics, oxides in metals (such as, iron oxide, zinc oxide, 
titanium oxide), and textiles. There was also a small fraction of nitrogen detected. Even 
though, there is no addition of nitrogen reported during the manufacturing process, it may 
result from various organics and inorganics used in manufacturing process. 
 
Table 5.2: Analysis of various tires by weight (%) [Cummings, 1998] 
Type Ash S C H N O 
Fiberglass 11.7 1.29 75.8 6.62 0.2 4.39 
Steel-Belted 25.2 0.91 64.2 5.00 0.1 4.40 
Nylon 7.2 1.51 78.9 6.97 <0.1 5.42 
Polyester 6.5 1.20 83.5 7.08 <0.1 1.72 
Kevlar-Belted 2.5 1.49 86.5 7.35 <0.1 2.11 
 
Ash Content Analysis 
The ash content of tire chips were determined by high temperature combustion of 
five independent samples of tire crumb and tire chips in a muffle f rnace, and subsequent 






Table 5.3: Element content (mg/g)  
Element Crumb Rubber Tire Chip 
Al 2.216 ± 0.325 0.519 ± 0.219 
As ND ND 
Ca 1.717 ± 0.122 0.535 ± 0.112 
Cd 0.004 ± 0.001 0.002 ± 0.000 
Cr 0.003 ± 0.001 0.041 ± 0.022 
Cu 0.036 ± 0.010 0.309 ± 0.143 
Fe 1.401 ± 0.153 110.432 ± 56.093 
K 0.415 ± 0.118 0.586 ± 0.383 
Mg 0.291 ± 0.048 0.152 ± 0.020 
Mn 0.016 ± 0.002 0.657 ± 0.142 
Mo ND ND 
Na 0.519 ± 0.182 0.311 ± 0.154 
Ni 0.004 ± 0.001 0.045 ± 0.027 
P 0.165 ± 0.003 0.165 ± 0.014 
Pb 0.050 ± 0.013 0.036 ± 0.011 
S 1.435 ± 0.289 1.158 ± 0.064 
Se ND ND 
Zn 15.866 ± 0.622 11.535 ± 0.237 
ND: Not-Detected. 
 
It should be noted that the ash fractions of tire crumbs and tire chips from dry 
ashing were determined as 6.64 ± 0.66 and 20.94 ± 2.89%, respectively (Table C.3). This 
difference was due to presence of metal wires in tire chips, as indicated with the iron 
measurements. In addition, experimental observations showed that the digested tire 
crumb solution were metallic silver in color, while the digested tire chips had bright 
yellow to orange color. 
Some of the constituents measured in the ash content were consistent with the 
manufacturing information summarized in the previous chapter reported by Cummings 
[1998] and RMA [1998]. The presence of Al, Ca, Mg, S, and Zn is related to the rubbery 





RMA, 1998]. Besides these components, Cd, Cr, Mn, and Ni are considered to be present 
in the wires as well, although not specified in the manufacturing process. Surprisingly, 
small amount of Pb was detectable in all samples, even though it is not listed in the 
components of tires. There was no indication for the source of some other elements (e.g., 
Cd, Na and P). It is suspected that these compounds were mostly due to the impurities in 
the several chemicals used during tire manufacturing. 
 
Laboratory Leaching Tests 
Experimental matrix summarized in Table 3.1 was performed as describ d in the 
previous chapter to examine leaching of organic and inorganic constituents from scrap 
tires. During the leaching experiments, the following parameters were monitored: pH 
(adjusted back to initial leaching solutions pH after recording the daily value), DOC, DN, 
UV254 and selected inorganic constituents (S, Zn, Cd, Cr, Fe, Ca, Mg, Al, Na, P, K, As, 
Cu, Pb, Se, Mo, Mn, and Ni). The results will be presented in two sections: organics and 
inorganics. DOC and UV254 data were used to monitor the leaching behaviors of all 
organics from tires. DN was also included in the same section since this parameter is 
measured simultaneously with DOC, and it is related to some extent to organics since 
nitrogen may be present in the structure of some organic compounds. After the organic 
section, the results for inorganic constituents will be discussed. 
Before starting to discuss the leaching behavior of organics and inorganics, the 





During the experiments, pH was monitored daily and adjusted back to the original values 
after the measurements using high purity 0.25 M HCl or NaOH. 
Analysis of the pH data showed that scrap tires tended to drive the pH to neutral 
values in all cases and the highest daily changes in pH were observed within the first 
week. These changes decreased after each soaking cycle. An example pH fluctuation 
trend is shown in Figure 5.1. 
 
 
Figure 5.1: Typical pH trend (e.g. chip size 1"×1" in rainwater solution) (D.17) 
 
Under acidic conditions, tires appeared to drive the pH to neutral conditions. This 
finding was consistent with Lerner et al. [1993] (Batch experiments) and Sengupta and 














reported that under neutral pH conditions tires shifted the pH towards alkaline conditions. 
However, in this study, during pH 10.0 experiments, pH was observed to decreas . This 
was attributed to a combination of two factors: (i) carbon dioxide in the headspace of the 
reactors dissolving in water, and (ii) dissolution of iron from tires, to be discussed later in 
the inorganic leach 
 
Leaching of Dissolved Organics from Scrap Tires 
Due to voluminous data collected in this study, the data was compiled and 
presented in Appendix D. Table 5.4 shows the legend for the organic data presented in 
the Appendix. In this section, key findings from these results will be summarized. It 
should be noted in this study, leaching of nonvolatile dissolved organic compounds (i.e., 
DOC) were measured, showing the amount of dissolved organics that will be introduced 
to water sources as a result of leaching from tires. As indicated in the literature, there are 
some VOCs and SVOCs that have been shown to leach from tires. Since experiments 
were conducted in bottles with headspace and bottles were opened and close  for pH 
adjustment on a daily basis, the DOC values are not expected to include VOCs and 
SVOCs that may leach from tires. At the same time, some colloidal or small black 
particles were also observed during the leaching experiments; therefore although not 







Table 5.4: Table numbers for matrixes presented in Appendix D 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* D.1 D.2 D.3 D.4 D.5 
pH 7.0* D.6 D.7 D.8 D.9 D.10 
pH 10.0* D.11 D.12 D.13 D.14 D.15 
Rainwater (pH: 3.0) D.16 D.17 D.18 D.19 D.20 
Soft GW (pH: 6.3) D.21 D.22 D.23 D.24 D.25 
Hard GW (pH: 8.1) D.26 D.27 D.28 D.29 D.30 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Overall trend was a significant amount of DOC leaching from the scrap tires 
during the first week of experiments, which significantly slowed down with the renewal 
of leaching solution. This was consistent with the observations by O’Shaughnessy and 
Garga [2000]. The decrease in leaching with time is probably due to fact that the leaching 
occurs from the external surfaces of tires, and the easily leachable compounds are 
initially washed off from these surfaces at the beginning of the experiments. Then it 
becomes more difficult to further remove compounds from the tire surfaces with time, as 
water will be unable to penetrate in the non-porous tire structure [Abernethy et al., 1996]. 
For an easier comparison among different tire sizes and leaching solutions, the 
cumulative mass leaching from tires were calculated (Figure 5.2), and the overall mass 
leached at four week leaching period was used in the data analysis. Initially, the data 
obtained at different aqueous chemistry conditions will be presented i  tabular (Tables 
5.5 to 5.10) and in graphical format (Figures 5.3 to 5.8), then a discussion of the trends 







Figure 5.2: An example cumulative plot of DOC and DN leaching trend (e.g., chip size 























































Crumb D.1 42.82 44.31 43.56 5.48 5.76 5.62 
1"×1" D.2 18.97 19.89 19.43 3.26 2.70 2.98 
2"×2" D.3 12.61 12.68 12.65 1.75 1.85 1.80 
4"×2" D.4 8.65 9.77 9.21 1.48 1.26 1.37 
6"×2" D.5 8.13 10.70 9.41 1.19 1.47 1.33 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 




























































Crumb D.6 55.04 57.59  56.32 5.75 6.01  5.88 
1"×1" D.7 17.50 19.95 21.22 19.56 2.59 3.20 3.09 2.96 
2"×2" D.8 14.49 11.43  12.96 1.26 1.20  1.23 
4"×2" D.9 11.23 10.62  10.92 2.41 2.96  2.68 
6"×2" D.10 13.79 9.96  11.88 1.99 1.29  1.64 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 




























































Crumb D.11 118.39 126.17  122.28 5.02 5.21  5.12 
1"×1" D.12 27.04 27.02  27.03 2.47 2.88  2.67 
2"×2" D.13 26.53 28.10  27.31 2.17 1.78  1.97 
4"×2" D.14 23.40 28.58 17.25 23.08 2.84 3.14 1.67 2.55 
6"×2" D.15 14.62 22.75  18.68 1.24 1.67  1.45 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 


























































Crumb D.16 60.14 64.72 62.43 7.73 8.60 8.17 
1"×1" D.17 24.37 24.73 24.55 2.56 3.67 3.12 
2"×2" D.18 15.19 13.55 14.37 1.97 1.96 1.96 
4"×2" D.19 9.51 14.05 11.78 1.41 2.11 1.76 
6"×2" D.20 12.72 12.49 12.61 1.46 1.72 1.59 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 









































Table 5.9: Total DOC and DN mass leached from tires after 28 days in soft groundwater 


















Crumb D.21 47.53 50.89 49.21 5.58 6.07 5.83 
1"×1" D.22 15.23 20.66 17.95 1.90 2.96 2.43 
2"×2" D.23 9.61 12.13 10.87 1.18 1.31 1.24 
4"×2" D.24 16.94 16.25 16.59 1.94 1.20 1.57 
6"×2" D.25 14.55 17.21 15.88 1.24 2.66 1.95 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 
Figure 5.7: Total DOC and DN mass leached from tires after28 days in soft groundwater 






































Table 5.10: Total DOC and DN mass leached from tires after 28 days in hard 


















Crumb D.26 60.00 62.50 61.25 4.88 4.96 4.92 
1"×1" D.27 22.56 17.81 20.19 2.86 2.30 2.58 
2"×2" D.28 16.21 21.37 18.79 1.05 1.32 1.19 
4"×2" D.29 9.63 12.04 10.84 1.14 1.07 1.10 
6"×2" D.30 14.57 14.62 14.60 1.94 1.37 1.66 
*: Table # in the Appendix where the data provided in this table can be found as a function of time. 
 
 
Figure 5.8: Total DOC and DN mass leached from tires after 28 days in hard groundwater 






































The Effect of Chip Size on Leaching 
The results show that there is a size effect on the leaching of both DOC and DN i 
all six leaching solutions. As expected, crumb tires showed significa tly higher amount 
of leaching than tire chips due to their larger surface area (resulting from their very small 
sizes) than tire chips. As for the tire chips, the smallest size chips (1"×1") showed the 
highest degree of leaching, while the leaching from chips 2"×2", 4"×2" and 6"×2" were 
relatively comparable with each other. To examine the influence of tire surface area on 
leaching, DOC masses leached were normalized for tire chips us ng the calculated total 
surface area from Table 4.1. The total surface normalized values still howed higher 
degree of leaching from 1"×1" particles than the other particle s z s (Table 5.11). Since 
total top and bottom surface areas of tire chips among all sizes were comparable (Table 
4.1), it was hypothesized that one possibility for the difference observed in organics 
leaching may be related to the amount of side surfaces of the tire chips. The top and 
bottom surfaces of the tires have been probably weathered during the use and/or storage. 
Therefore, higher and fast organic leaching probably occurred from the sides that were 
freshly opened when the tires were cut to prepare the chips. When the l ac ing data was 
normalized based on calculated side-surface areas of the tire chips, the leaching results 
appeared to be less dependent of particle size (Table 5.11). This analy is suggested that 
fresh surface areas of tire chips, especially the area that bec me available fresh, was an 
important factor controlling the total mass of DOC leaching from scrap tires. On the other 
hand, when the leaching on a surface area basis was compared between tire chips and 





surprisingly observed that leaching from crumb rubber (0.01 mg/inch2 (based on the 
calculated surface area), and 0.4×10-3 mg/inch2 (based on the measured surface area)) 
was significantly lower than leaching tire chips (ranging from 0.2 to 0.6 mg/inch2). This 
was unexpected because crumb rubber had significant amount of fresh surface  exposed 
to the solutions. One possibility may be the impact of pulverization prcesses during 
crumb rubber preparation. However, this was not further investigated in this study, since 
the main focus was on the leaching from tire chips. 
Considering SC standards regarding reuse of scrap tires (i.e., tire chips must be 
between 0.5 and 4 inches in size with steel wires not protruding more than 0.5 inch from 
the sides of the chips), these experiments showed that when scrap tire chips are employed 
at sizes 2"×2", 4"×2" and 6"×2", the effect of particle size on the total amount of DOC 
leaching will be small for the same mass of tire chips. However, higher degree of DOC 












































) 1"×1" 24.55 1.00 0.51 1.00 1.53 1.00 
2"×2" 14.37 0.59 0.32 0.63 1.12 0.73 
4"×2" 11.78 0.48 0.28 0.55 1.23 0.80 




* 1"×1" 19.43 1.00 0.40 1.00 1.21 1.00 
2"×2" 12.65 0.65 0.28 0.70 0.99 0.81 
4"×2" 9.21 0.47 0.22 0.55 0.96 0.79 











) 1"×1" 17.95 1.00 0.37 1.00 1.12 1.00 
2"×2" 10.87 0.61 0.24 0.65 0.85 0.76 
4"×2" 16.59 0.92 0.40 1.07 1.73 1.54 




* 1"×1" 19.56 1.00 0.41 1.00 1.22 1.00 
2"×2" 12.96 0.66 0.29 0.71 1.01 0.83 
4"×2" 10.92 0.56 0.26 0.64 1.14 0.93 











) 1"×1" 20.19 1.00 0.42 1.00 1.26 1.00 
2"×2" 18.79 0.93 0.42 1.00 1.47 1.16 
4"×2" 10.84 0.54 0.26 0.62 1.13 0.89 






1"×1" 27.03 1.00 0.56 1.00 1.69 1.00 
2"×2" 27.31 1.01 0.61 1.08 2.13 1.26 
4"×2" 23.08 0.85 0.55 0.99 2.40 1.42 
6"×2" 18.68 0.69 0.61 1.09 2.92 1.73 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
a : Crumb rubber is not included in the table since it was not possible to estimate its total surface area in a 
bottle. 
b : The ratio of DOC mass leached from different tire sizes to DOC mass leached from 1"×1" tires in each 
solution. 
c : The ratio of DOC/Total Surface Area from different tire sizes to DOC/Total Surface Area from 1"×1" 
tires in each solution. 
d : The ratio of DOC/Side Surface Area from different tire sizes to DOC/Side Surface Area from 1"×1" tires 






The Effects of pH and Conductivity on DOC Leaching: 
Initially, the results for the three leaching solutions at different pH values (4.0, 
7.0, and 10.0) were compared in order to examine the pH effect. The trend was consistent 
with that was reported by Twin City Testing Corporation [1990]. It was observed that 
there was a higher degree of DOC leaching at basic conditions than neutral and acidic pH 
conditions (Figure 5.9). The trend was same for all tire chip sizes (Table 5.12). On the 
other hand, no pH impact was observed the leaching of DN. 
 
 


































Table 5.12: DOC leaching in solutions at pH 4.0, 7.0 and 10.0 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* 43.56 19.43 12.65 10.51 9.41 
pH 7.0* 56.32 19.56 12.96 10.92 11.88 
pH 10.0* 122.28 27.03 27.31 23.08 18.68 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
When the groundwater solutions, having higher conductivity values, were also 
included in the comparison (Figure 5.10 and Table 5.13), in general, there was no major 
changes in the observed trend. However, a few exceptions have been noted such as hard 
ground water conditions for size 1"×1" and soft groundwater for size 4"×2". Usually 
more variability in the trends for chip size of 6"×2" was observed during the experiments. 
One reason for this observation is probably the fact that a single chip was used in each 
bottle during the leaching experiments (Table 4.1). Although maximum attention was 
placed to selecting tire chips as uniform as possible with similar shapes and sizes, there 
were higher possibility for variability in the 6"×2" chip experiments than smaller chip 
size experiments with higher number of chips in the leaching solution. The results from 
these experiments indicated that changes in background conductivity did not have a 
significant impact on the leaching of the organics. This was also consistent with the 
findings of Lerner et al. [1993] that change in conductivity of solution has little to no 







Figure 5.10: DOC leaching for leaching solutions at pH 4.0, 7.0 and 10.0 and 
groundwater solutions (Chip size 1"×1") 
 
As the results indicated that conductivity did not have a significant mpact on the 
leaching, the data from all the experiments were compared together. The Table 5.13 and 
Figure 5.11 show the overall results. 
 
Table 5.13: Total DOC mass leached under different aqueous chemistry conditions (mg) 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 62.43 24.55 14.37 11.78 12.61 
pH 4.0* 43.56 19.43 12.65 10.51 9.41 
Soft GW (pH: 6.3) 49.21 17.95 10.87 16.59 15.88 
pH 7.0* 56.32 19.56 12.96 10.92 11.88 
Hard GW (pH: 8.1) 61.25 20.19 18.79 10.84 14.60 
pH 10.0* 122.28 27.03 27.31 23.08 18.68 































































itions tested during this study 
Rainwater (pH 3.0)
pH 4.0
Soft GW (pH 6.3)
pH 7.0











When the results for the rainwater leaching data were compared with the rest of 
the experiments, it was noted that the leaching in the rainwater s usually higher than 
other conditions tested, except the basic conditions (i.e., leaching solution at pH 10.0). 
The trends indicated that basic conditions significantly enhance leaching of DOC from 
scrap tires. Some increase in the amount of DOC leaching was observed under the lowest 
pH condition (pH 3.0) tested. The lowest DOC leaching occurred in the pH range of 4 to 
8. This leaching behavior can be explained with two different mechanisms. Dissolution f 
PAHs and TPHs under basic conditions increases as reported in the Twin City Testing 
Corporation [1990] study. On the other hand, under acidic conditions the physical 
structure of tire can be disrupted resulting in leaching of more organic compounds. 
During the experiments, some black residues were accumulated on thesample filtering 
discs for acidic samples (Rainwater at pH 3.0 and leaching solution at pH 4.0). 
Overall, these experimental results demonstrated that leaching of DOC from scrap 
tires will be minimum when tires are exposed to pH conditions around neutral values. 
This is not surprising because tires are design to perform the best and to deteriorate the 
list under such conditions. Therefore, using tires under similar conditi s during reuse 
applications will minimize leaching of DOC from tires. On the other hand, the highest 
DOC leaching will occur at the high pH values. Therefore, such conditions should be 
avoided to minimize the leaching of organics. The results also showed that pH is a more 
important factor controlling the leaching of DOC from tires. No significant impact of 





The overall trend for the leaching of DN was summarized in Table 5.14 and 
plotted in Figure 5.12. The effect of pH on the DN leaching was less apparent. It should 
be noted that there is no apparent source of nitrogen in tire manufacturing processes, and 
nitrogen only constituted 0.43% weight of total weight measured in crumb tire in this 
study (Table 5.1). No additional measurements were conducted to further characterize the 
nature of nitrogen (NO3
-, NO2
-, NH3 and organic nitrogen) leaching from tires. There may 
be some nitrogenous organic compounds in the tires; leaching of benzothiazole, aniline 
and benzothiazolone from tires have been reported [Spagnoli et al., 2001; O’Shaughnessy 
and Garga, 2000; Azizian and Nelson, 2003]. 
 
Table 5.14: Total DN mass leached under different aqueous chemistry conditions (mg) 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 8.17 3.12 1.96 1.76 1.59 
pH 4.0* 5.62 3.81 1.80 1.79 1.33 
Soft GW (pH: 6.3) 5.83 2.43 1.24 1.57 1.95 
pH 7.0* 5.88 2.96 1.23 2.68 1.64 
Hard GW (pH: 8.1) 4.92 2.58 1.19 1.10 1.66 
pH 10.0* 5.12 3.68 1.97 2.55 1.45 
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In order to gain some insight to the characteristics of organic compounds leaching 
from tires, SUVA254 values were also determined. SUVA254 is the ratio of Ultraviolet 
absorbance at 254 nm wavelength (UV254) to DOC in a sample, and it is used as an 
indication of the aromatic organic carbon content in a sample [Karanfil et al., 2002]. 
Initial (i.e., the value at the end of the first week during leaching) and final (i.e., the value 
at the end of the fourth week during leaching) SUVA254 values measured during the 
experiments are provided in Table 5.15. 
 
Table 5.15: SUVA254 (L/mg-m) values (InitialFinal) 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 1.5  1.5  3.5  5.5 5.5  10.0 7.0  12.0 5.0  10.0 
pH 4.0* 2.0  3.0  2.5  3.0 2.0  3.0  3.0  5.0 3.5  6.5 
Soft GW (pH: 6.3) 1.5  2.0  2.0  3.0  2.0  2.0  2.0  3.0  1.5  2.0  
pH 7.0* 1.5  2.0  2.0  2.5  3.5  3.5 2.5  3.0 3.0  3.5 
Hard GW (pH: 8.1) 1.5  2.0  2.0  2.5  2.0  2.0  2.5  2.5  2.5  2.0  
pH 10.0* 1.5  1.5  2.0  3.0  2.0  1.5  2.5  2.0  2.0  1.5  
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
The results indicated that the SUVA254 values of the leaching solutions remained 
in the range of 1.5 to 3.0 L/mg-m during the experiments, except for rainwater samples. 
There was a gradual increase in the SUVA254 values after the first week, indicating an 
increase in the fraction of aromatic carbons leaching from the tires over time. This 
increase was no more than one unit, except rainwater samples. This trend suggested that 





of the leaching experiments, which was followed by dissolution of mre aromatic 
components with time. 
The only exception observed was for the rainwater samples, in which the ini ial 
SUVA254 values were recorded at 5.0 and increased up to 12.0 L/mg-m with time. In 
order to minimize the potential measurement interference on the result that may arise 
from the low pH of rainwater samples (pH 3.0), the pH of selected samples were adjusted 
to pH 7.0 and measured again. The comparison of the original and pH-adjusted samples 
showed no significant difference on the UV254 measurements. Therefore, high SUVA254 
values observed in the rainwater was attributed to the very low pH values of rainwater 
(pH 3.0) on the tires. During these experiments, some amount black particulate matter 
was accumulated on the filter discs. This was attributed to the det rioration of the 
integrity of tires under acidic conditions. 
 
Identification of Organic Compounds: 
In order to gain some insight to the type of organic compounds leaching from 
scrap tires, crumb tires leachates from experiments at pH 4.0, 7.0 and 10.0 after one week 
of leaching period were extracted with MTBE and scanned with a GC/MS/MS system. 
As discussed before, the conditions for the scans and extractions were not optimized and 
the goal was to obtain some qualitative insight to the types of organics in the leachate. As 
a result, the concentrations of the detected organics were not quantified. An example 













The peaks were analyzed with the library provided by the software of the 
instrument. The list of identified organics is given in Table 5.16. 
 
Table 5.16: List of identified organics in leachates from tires 
Organic Compound Molecular Formula pH 4.0* pH 7.0* pH 10.0* 
Dimethyl Sulfoxide C2H6OS  ND  
Aniline C6H7N ND ND  
2,5-CycloHexadiene-1,4-dione, 
2,6-bis(1,1-dimethylethyl)- 
C14H20O2 ND ND  
Hexanoic Acid, 2-ethyl- C8H16O2 ND ND  
Neodecanoic Acid C10H20O2 ND ND  
Benzothiazole C7H5NS    
Benzothiazolone C7H5NOS ND ND  
2,3-Di-O-methyl-D-
xylopyranose 
C7H14NO5 ND   
Benzothiazole, 2-(methylthio)- C8H7NS2 ND ND  
Thiophene, tetrohydro-2methyl- C5H10S ND ND  
4’-Ethoxy-
2’hydroxyoctadecanophenone 
C26H44O3 ND ND  
Benzylamine C7H9N ND ND  
*: pH of DDW was adjusted by high purity HCl or NaOH. 
ND: Not Detected. 
 
Even though the extraction method was not fully developed, organics were mostly 
aromatic hydrocarbons. This is consistent with the previous study by Twin City Testing 
Corporation’s [1990]. In addition, consistent with the DOC leaching trends a  the Twin 
City Testing Corporation’s [1990] study, the sizes and number of the peaks at pH 10.0 
leachates were relatively higher as compared to other pH conditions. 
Due to structure of tires and the experimental methods employed in this study, the 
samples were not expected to have volatile organics in them. Most of the rganics that 





One of the concerns with the leaching of some of these organic compounds is 
their potential health effects. The current knowledge on these compounds indicates that 
most of them are classified as harmful and some are classified possible carcinogens (e,g., 
aniline). Thus, a land application of tires may cause adverse health effects and result in a 
contamination of local water sources. However, only a small number of organics in the 
leachate were qualitatively determined during this study due to funding and time 
limitations. It is important to determine their concentrations especially in field studies 
because they can be diluted to the levels well below their detection limits reducing their 
environmental impact. However, the small number of scans conducted in this study 
document the leaching of some specific organic compounds from scrap tires. Some of 
these compounds (e.g., aniline, benzothiazole, benzothiazolone) have been also reported 
in previous studies [Spagnoli et al., 2001; O’Shaughnessy and Garga, 2000; Azizian and 
Nelson, 2003] along with many other compounds (e.g.,  Dimethyl Sulfoxide, 2,5-
CycloHexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)-, Hexanoic Acid, 2-ethyl-, 
Neodecanoic Acid, 2,3-Di-O-methyl-D-xylopyranose, Benzothiazole, 2-(methylthio)-, 
Thiophene, tetrahydro-2-methyl-, 4’-Ethoxy-2’hydroxyoctadecanophenone, and 
benzylamine). It is likely that there are many other compounds that have not been 
identified so far. Therefore, there is a research need for further identification and 
quantification of organic compound leaching from scrap tires and assess their potential 








Analysis of cumulative leaching data reveals an interesting observation. 
Previously, Azizian and Nelson [2003] reported for Al, Hg and benzothiazole that 50% of 
leaching occurred in the first 10 hours of the one week leaching experiments. Using a 
similar approach, the cumulative mass at the end of four weeks were us d as 100% of 
leaching (MMax) for the data set, and for each day the ratio of cumulative DOC mass 
leached to total leached DOC mass were calculated (M/MMax). It was found that leaching 
rate was almost the same for all conditions tested regardless of tire type and leaching 
solution (Figure 5.14). The mass of DOC leached during the first 12 hr consisted of 40-
50% of the leaching during the first week and 20-25% of the leaching during the four 
weeks of experiments. Although the cumulative DOC mass leached from tires depended 
on tire size and leaching solution, the leaching rate remained constant. The leaching 







Figure 5.14: Average DOC leaching rate for experimental conditions 
 
Leaching of Inorganics from Scrap Tires 
The leachates from scrap tires were analyzed for a suite of elements that were in 
the analytical protocol developed for ICP analysis: S, Zn, Cd, Cr, Fe, Ca, Mg, Al, Na, P, 
K, As, Cu, Pb, Se, Mo, Mn, and Ni. The results showed that As, Cd, Cr, Cu, Mo, Se, Ni 
and Pb were below the detection limits during one month of leaching experiments. 
Phosphorus was detected only in few samples, thus it was not included in the data 
discussion. Due to daily pH adjustments using sodium hydroxide, changes in sodium was 
not evaluated. From the remaining elements, Al, S, Zn, Fe, Ca, Mg, Mn and K were 





























As for organics, due to the voluminous data obtained during these experiments, 
average daily concentrations of elements are in given in Appendix E. Table 5.17 shows 
the legend for the data presented in Appendix E. In this section, key findings from these 
results will be summarized. 
 
Table 5.17: Table numbers for the data presented in Appendix E 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
DDW at pH 4.0 E.1 E.2 E.3 E.4 E.5 
DDW at pH 7.0 E.6 E.7 E.8 E.9 E.10 
DDW at pH 10.0 E.11 E.12 E.13 E.14 E.15 
Rainwater (pH: 3.0) E.16 E.17 E.18 E.19 E.20 
Soft GW (pH: 6.3) E.21 E.22 E.23 E.24 E.25 
Hard GW (pH: 8.1) E.26 E.27 E.28 E.29 E.30 
 
Initially, a discussion for leaching of the measurable elements was presented, then 
an overall comparison and evaluation of the data was provided. For Al, Zn, Fe, and Mn, 
the results will be discussed for all experimental conditions becaus  these elements were 
not found in any freshly prepared leaching solution, as confirmed with the ICP-OES 
measurements of the solutions before the leaching experiments. For S, Ca, Mg, and K, 
since they are already found in the stimulant solutions used in this study, their leaching 
was only examined in leaching solutions at pH 4.0, 7.0 and 10.0. 
 
Iron, Manganese, Zinc and Aluminum: 
The cumulative masses for iron, manganese, zinc and aluminum leached during 






Table 5.18: Total iron mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 20.02 834.47 294.37 282.57 545.64 
pH 4.0* 3.52 146.41 125.92 142.90 75.98 
Soft GW (pH: 6.3) 0.11 1.73 2.94 1.80 2.48 
pH 7.0* 0.09 0.03 0.64 0.03 0.40 
Hard GW (pH: 8.1) 0.08 0.15 0.21 0.04 0.12 
pH 10.0* 0.11 0.36 0.85 0.48 0.47 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Table 5.19: Total manganese mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 0.87 5.52 2.17 2.58 3.49 
pH 4.0* 0.74 2.61 1.73 1.69 0.77 
Soft GW (pH: 6.3) 0.36 0.84 0.74 0.43 0.56 
pH 7.0* 0.27 0.19 0.23 0.08 0.06 
Hard GW (pH: 8.1) 0.15 0.49 0.10 0.09 0.23 
pH 10.0* 0.01 0.02 0.04 0.04 0.02 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Table 5.20: Total zinc mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 79.43 2.46 2.50 2.13 2.66 
pH 4.0* 72.97 1.07 1.15 0.97 1.35 
Soft GW (pH: 6.3) 50.74 0.52 0.33 1.40 0.51 
pH 7.0* 33.79 1.06 0.59 0.66 0.98 
Hard GW (pH: 8.1) 14.83 0.20 0.78 0.41 0.41 
pH 10.0* 0.31 0.08 0.20 0.16 0.65 








Table 5.21: Total aluminum mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Rainwater (pH: 3.0) 3.02 0.14 0.26 0.16 0.28 
pH 4.0* 0.21 0.37 0.26 0.38 0.25 
Soft GW (pH: 6.3) 0.03 0.01 0.01 0.01 0.01 
pH 7.0* 0.05 0.01 0.01 0.02 0.02 
Hard GW (pH: 8.1) 0.07 0.05 0.06 0.04 0.06 
pH 10.0* 0.73 0.31 0.35 0.29 0.24 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
The highest leaching for all four metals occurred under acidic conditions, except 
for aluminum leaching was comparable under acidic and basic conditions. Fr iron and 
aluminum, minimal leaching was observed under neutral pH conditions, the only 
exception was the iron leaching from soft groundwater. For zinc and manganese, there 
was a continuous decrease of leaching with the increasing pH. 
Iron and aluminum concentrations measured in leachate solutions were above 
their solubility limits in DDW. For instance, the iron concentrations by the end of the first 
week in pH 4.0, 7.0 and 10.0 solutions (for chip size 1"×1") were 19.627, 0.011 and 
0.075 mg/L respectively. This indicates chelating between the leaching organics and iron.  
It appears that chelating of organics was more favorable with iron at acidic conditions 
because there was a high degree of organic leaching from scrap tires at high pH values, 
but this did not result in high iron concentrations in the leachates.  
Elevated levels of metals at acidic conditions can be an aesthetic issue since they 
are listed in the USEPA drinking water regulations [EPA, 2009a]. It was observed that 





listed in NSDWR under acidic conditions (pH 4.0 or lower). Zinc exce ded its MCL in 
samples coming from crumb rubber at pH lower than 7.0. Only for few samples, 
manganese concentration was above its MCL at neutral pH conditions. On the other 
hand, aluminum exceeded its MCL for few samples under extreme pHs (under acidic and 
basic conditions). It should be noted that the comparison with MCLs were made for the 
results of batch experiments conducted in this study. In practical applications, the 
exceedences of MCLs will depend on the amount of tire chips placed and the volume of 
water to be mixed with. These results indicate that iron and then manganese at the two 
elements important to monitor.  
All the elements measured in the leachates can be related to the manufacturing 
information for tires summarized in the previous chapter. The presenc  of zinc is related 
to the rubbery portion of tire, while the presence of iron is mainly related to the wires 
inside the tires [Cummings, 1998; RMA, 1998]. Leaching of iron from crumb rubbers 
was significantly lower than leaching from tire chips at all pH conditions. Since metals 
were removed from the crumb rubbers, the only source of iron is the ron oxide which is 
added as an additive during the manufacturing process [Cummings, 1998]. There is also a 
possibility of some residual irons from the wires in the crumb rubber. Besides iron and 
zinc, the presence of manganese and aluminum was attributed to the wires in tires.
 
Calcium, Magnesium, Potassium and Sulfur: 
The cumulative masses for calcium, magnesium, potassium and sulfur leached 






Table 5.22: Total calcium mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* 82.19 2.33 5.42 6.64 4.21 
pH 7.0* 41.53 4.98 6.93 10.03 2.75 
pH 10.0* 13.46 1.88 5.54 4.34 1.42 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Table 5.23: Total magnesium mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* 9.91 0.17 0.13 0.13 0.11 
pH 7.0* 2.05 0.14 0.14 0.21 0.07 
pH 10.0* 0.82 0.10 0.19 0.14 0.08 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Table 5.24: Total potassium mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* 1.96 1.75 0.76 1.01 0.48 
pH 7.0* 1.53 0.87 0.64 0.80 0.23 
pH 10.0* 1.48 1.16 0.44 1.13 0.24 
*: pH of DDW was adjusted by high purity HCl or NaOH. 
 
Table 5.25: Total sulfur mass (mg) leached from tires after 28 days 
Leaching Solutions 
Tire Chips 
Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
pH 4.0* 5.16 1.24 0.89 1.00 0.96 
pH 7.0* 4.61 1.52 1.13 1.09 0.98 
pH 10.0* 4.96 1.78 1.32 1.60 1.10 






Highest leaching for calcium and magnesium occurred under acidic conditions 
from crumb rubber, there was no clear pH effect for the tire chips. Potassium and sulfur 
leaching stayed constant over the pH range for both crumb rubber and tire chips. For 
most of the cases, the amounts of leaching were in the order of calcium>>magnesium-
sulfur>potassium (the order of magnesium and sulfur changes depending on) for crumb 
tires, and calcium>sulfur≥potassium>magnesium for tire chips. 
 
Leaching Rate of Inorganics: 
The cumulative leaching rate of four metals at acidic conditions is shown in 
Figure 5.17. A rapid initial leaching rate was observed for zinc, followed by a slower but 
constant rate, while there was a constant rate of leaching for iron, manganese and 
aluminum from the beginning of the experiments without showing any sign of slowing 
down. This observation was attributed to the release of the zinc from the rubbery portion 
of the tires due to the relatively similar leaching patterns observed for dissolved organics 
and zinc (Figures 5.15 and 5.17). On the other hand, iron, aluminum and manganese are 
probably coming from the wires in the tire chips showing a continuous and a constant 







Figure 5.15: An example cumulative plot of metals leaching trend ( .g., chip size 1"×1" 
in pH 4.0 solution) (E.2) 
 
Overall Evaluation: 
These results showed that as for organics, using tire chips at neutral pH conditions 
will minimize leaching of inorganic constituents from tires. While leaching of detected 
eight elements from scrap tires is relatively low at basic conditions, their concentrations 
significantly increases at acidic conditions, especially for iron, zinc and calcium. Among 
the analyzed other elements, As, Cd, Cr, Cu, Mo, Se, Ni and Pb were below the detection 
limits. Thus, scrap tires are not likely to affect water quality for the compounds that are 
listed in NPDWR. Iron, manganese and zinc were observed at concentration exceeding 
their corresponding MCLs depending on the tire type/size and pH of thewater (especially 


































metals from tires. Therefore, in the field applications, the priority should be given to 
monitor these metals (iron, manganese and zinc) to assess their impacts on the water 
quality in the water sources. 
 
TCLP Tests 
In this study, a set of TCLP tests was also conducted for the tire samples. During 
these tests, only a group of selected inorganic parameters in the TCLP list was monitored. 
The average concentrations of the TCLP parameters and their regulatory limit are shown 
in Table 5.26. 
 







Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Arsenic 5.0 0.007 0.003 0.003 0.003 0.006 
Barium 100.0 NA NA NA NA NA 
Cadmium 1.0 0.003 0.002 0.002 0.002 0.001 
Chromium 5.0 0.002 0.019 0.003 0.007 0.008 
Lead 5.0 0.056 0.007 0.034 0.018 0.021 
Mercury 0.2 NA NA NA NA NA 
Selenium 1.0 ND ND ND ND ND 
Silver 5.0 NA NA NA NA NA 
ND: Not Detected. 
NA: Not Available. 
 
Based on the data presented in Table 5.27 the leachates from the tires contain 100 
to 1000 times lower concentration than the regulatory limits. This is consistent with the 
previous studies [Downs et al., 1996; Zelibor, 1991; Ealding, 1992; Al-Tabbaa and 





considered as a non-hazardous waste. Since, current ICP analysis method easures a 
range of elements, data for these compounds are also given on the fllowing page (Table 
5.27). Among all the elements only Na is not presented since TCLP extract contains a 









Table 5.27: Analysis of TCLP extract (mg/L) 
Element Crumb 1"×1" 2"×2" 4"×2" 6"×2" 
Al 0.155 ± 0.004 NA 0.037 ± 0.002 0.039 ± 0.003 0.022 ± 0.005 
As ND ND ND ND ND 
Ca 38.321 ± 9.425 0.733 ± 0.014 2.286 ± 0.277 4.549 ± 1.506 1.559 ± 0.750 
Cd 0.003 ± 0.000 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.001 ± 0.000 
Cr 0.002 ± 0.000 0.019 ± 0.001 0.003 ± 0.001 0.007 ± 0.005 0.008 ± 0.003 
Cu 0.047 ± 0.001 0.215 ± 0.040 0.032 ± 0.011 0.017 ± 0.009 0.072 ± 0.007 
Fe 1.221 ± 0.029 151.704 ± 3.816 13.404 ± 4.493 21.427 ± 10.212 44.977 ± 10.360 
K 1.628 ± 0.032 0.940 ± 0.008 0.892 ± 0.005 0.920 ± 0.035 0.975 ± 0.074 
Mg 1.944 ± 0.237 0.042 ± 0.004 0.051 ± 0.003 0.113 ± 0.050 0.051 ± 0.016 
Mn 0.226 ± 0.037 0.823 ± 0.038 0.093 ± 0.023 0.152 ± 0.038 0.249 ± 0.047 
Mo ND ND ND ND ND 
Ni 0.005 ± 0.000 0.013 ± 0.003 0.003 ± 0.001 0.008 ± 0.004 0.004 ± 0.001 
P 0.056 ± 0.001 0.016 ± 0.001 0.017 ± 0.001 0.021 ± 0.008 0.012 ± 0.001 
Pb 0.056 ± 0.007 0.007 ± 0.002 0.034 ± 0.003 0.018 ± 0.012 0.021 ± 0.004 
S 1.774 ± 0.059 0.485 ± 0.075 0.309 ± 0.001 0.362 ± 0.009 0.306 ± 0.000 
Se ND ND ND ND ND 
Zn 25.780 ± 0.117 1.638 ± 0.293 0.589 ± 0.042 0.814 ± 0.306 0.800 ± 0.009 
NA: Not Applicable. 










CONCLUSIONS AND RECOMMENDATIONS 
 
The following are the major conclusions for each objective of this study: 
Objective 1: Investigate the effect of aqueous chemistry on the leaching of 
organic and inorganic constituents from tires 
The best condition for using scrap tire chips in environmental reuse applications 
was found to be around the neutral pH conditions. Leaching of dissolved organic carbon 
and selected elements was minimal around the neutral pH values. pH was a more 
important parameter than conductivity of the solution in controlling the leaching of DOC 
and selected elements from scrap tires. The changes in conductivity did not have a 
significant impact on the leaching of organics or inorganics. When tir  chips were 
exposed to acidic conditions, iron by far was the most significant metal leaching from 
tires at very large quantities (up to ~800 mg/ 100 g tire). The presence of organics 
significantly increased the iron concentrations in water (e.g., ~ 20 mg/L at pH 4.0) above 
its solubility (i.e., ~0.03 mg/L at pH 4.0) in DDW. Manganese was the second metal 
observed leaching at acidic conditions; however at amounts (2-5 mg/ 100 g tire) 
significantly lower than iron.  When the tire chips were exposed to basic conditions, the 
leaching of DOC significantly increased, reaching (27 mg/ 100 g tire). For crumb rubber, 
leaching of DOC reached up to ~120 mg/ 100 g tire, indicating that org nic components 





leaching of each monitored element, including iron (<1 mg/ 200 g tire), w re 
significantly lower. The results also showed that As, Cd, Cr, Cu, Mo, Se, Ni and Pb were 
always below the detection limits for all conditions tested during one month of leaching 
experiments. 
Objective 2: Examine the leaching of total dissolved organic carbon and 
dissolved nitrogen from tires 
As mentioned before, the leaching of DOC from tires were highest at the basic 
conditions. Only at the most acidic condition tested in this study (pH 3.0), the leaching of 
DOC from tire chips approached to the amount leached at basic conditions (24.5 mg 
DOC /100 g tire at pH 3.0 vs. 27 mg DOC/ 100 g tire at pH 10). It was visually observed 
during the filtration of the samples, there was an increasing amount of black residues on 
the membrane filter with decreasing pH, especially at pH 3.0. This indicates that lowering 
pH to very low values increasingly deteriorates the physical tructure of tires. Therefore, 
it is possible that more severe leaching of DOC may occur fromtires if exposed at very 
acidic conditions. 
The SUVA254 values of the leaching solutions remained in the range of 1.5 to 3.0 
L/mg-m during the experiments.  A gradual increase in the SUVA254 values after the first 
week was observed, indicating an increase in the fraction of aromatic carbons leaching 
from the tires over time. This increase was no more than one unit, except rainwater 
samples. This trend suggested that some non-aromatic (e.g., aliphatic) compounds were 
dissolved quickly at the beginning of the leaching experiments, which was followed by 





experiments (pH 3.0), the initial SUVA254 values were recorded at 5.0 and increased up 
to 12.0 L/mg-m with time. This was attributed to the rapid deterioration of the in egr ty of 
tires under very acidic conditions, as discussed above. The presence of some aromatic 
compounds in the leachate solution was determined with GC/MS/MS scans. Some of 
these compounds (e.g., aniline, benzothiazole, benzothiazolone) have been also reported
in previous studies. Consistent with DOC data, a larger group of compounds was detected 
at pH 10.0 than other pH conditions. 
Leaching of DN (1-3 mg/ 100 g tire) from tires was significantly lower as 
compared to DOC and remained in dependent of pH. 
Objective 3: To quantify the leaching of organics and inorganic constituents 
from scrap tires as a function of time during one month period 
The overall amounts of organic and inorganic constituent leaching from scrap 
tires were summarized in the conclusions listed for the first two objectives above. 
Analysis of DOC leaching data also showed that the mass of DOC leached during 
the first 12 hr consisted of 40-50% of the leaching during the first week and 20-25% of 
the leaching during the four weeks of experiments. Although the cumulative DOC mass 
leached from tires depended on tire size and leaching solution, the leaching rate remained 
constant regardless of tire type and leaching solution. 
Analysis of leaching rate of four metals (Zn, Fe, Al, Mn) at acidic conditions 
showed a rapid initial leaching rate was observed for zinc, followed by a slower but 
constant rate, while there was a constant rate of leaching for iron, manganese and 





down. This observation was attributed to the release of the zinc from the rubbery portion 
of the tires due to the relatively similar leaching patterns observed for DOC and zinc. On 
the other hand, iron, aluminum and manganese are probably coming from the wires in the 
tire chips showing a continuous and a constant rate of dissolution.  
Objective 4: To examine the effect of particle size on leaching 
Crumb rubber showed significantly higher degree of leaching for all detected 
constituents except iron, since the main source of the iron in tire chip was the wires that 
were removed prior to preparing the crumb rubber. Among the tire chipsthat are within 
the particle size range of practical applications, leaching from 1"×1", tire chips, in 
general, was higher than the other particle sizes. The difference of leaching from tire 
chips of 2"×2", 4"×2" and 6"×2" was relatively small or negligible.  
 
• Other findings 
The average BET surface area and total pore volume of triplicate tire samples 
were 0.9596 ± 0.0573 m2/g and 0.000733 ± 0.000055 cm3/g, respectively. The results 
indicated that that the tires are non-porous materials, and leaching from tires occurred 
primarily from their external surfaces. The ash content of the tire chips and crumb tires 
were 20.94 and 6.64 %, respectively. Elemental analysis showed that 80% of tire 






Recommendations for Practical Applications 
Based on the results obtained in this study, the following recommendations are 
provided for practical applications. 
• Neutral pH conditions should be preferred for reuse applications. Permanent 
acidic and basic conditions should be avoided as much as possible. 
• Using larger size tire chips (2"×2" or larger) for a constant mass of tire chip 
will decrease the leaching from tires. 
• Pre-washing of tires (e.g. for a duration of 12 hr) prior to reuse applications 
can significantly reduce the leaching of dissolving organic and inorga ic 
constituents into water sources.  
• Removal of metals from the tires wires can significantly reduce the release of 
iron and some other constituents from tires. 
 
Recommendations for Future Research 
Some recommendations for future research are also provided. 
• Considering the visible deterioration of tires observed especially at acidic 
conditions, it will be important to characterize the physical integrity (e.g., tensile 
strength, elastic modulus) of tire chips to assess their long term use in practical 
applications. 
• There are several organic contaminants identified which are hmful, toxic or 
carcinogenic in the leachates at basic conditions. As the results of this research 





Identification and quantification of specific organic components in the leachates 
will be important to assess their environmental impact. 
• Although laboratory batch experiments, as conducted in this study, provide useful 
information, column experiments and pilot field studies are necessary to further 
examine the behavior of tire chips, where a number of complex factors 





























































































Figure B.1: Crumb rubber  Figure B.2: Tire chips (size 2"×2") before 





Figure B.3: Bottle with tire chips (size Figure B.4: Tire chips (Size 2"×2") after the 









Table C.1: Surface area and pore volume analysis results 










Average Values 0.9596 ± 0.0573 
 
0.000733 ± 0.000055 
 
Table C.2: Elemental analysis results (%) 
Analysis 
Number 
Carbon Hydrogen Nitrogen Sulfur Oxygen Ash 
1 80.71 7.27 0.35 0.94 2.60 8.12 
2 76.74 7.15 0.38 1.22 4.11 10.40 
3 82.49 7.46 0.49 1.07 2.33 6.16 
4 82.11 7.43 0.50 1.01 0.83 8.12 
5 80.93 7.21 0.41 1.01 2.35 8.09 















Table C.3: Dry ashing results 
Analysis 
Number 



















1 788.9 48.0 6.08 4261.8 864.6 20.29 
2 1003.6 73.3 7.30 1391.3 331.6 23.83 
3 489.8 31.0 6.33 3903.4 710.8 18.21 
4 428.3 28.8 6.72 1520.7 356.8 23.46 
5 716.5 48.5 6.77 1961.4 370.8 18.90 
Average Ash 
Fraction (%) 








Table D.1: Experimental data for crumb rubber in pH 4.0 solution 




















1 6.06 0.1947 10.99 21.99 50.48 1.59 3.19 56.76 
3 5.79 0.2132 12.17 24.34 55.88 1.72 3.43 61.08 
5 5.73 0.2158 12.42 24.84 57.02 1.71 3.42 60.87 
7 5.47 0.2097 12.42 24.85 57.04 1.77 3.54 63.05 
8 5.88 0.0921 2.28 29.41 67.52 0.20 3.94 70.20 
10 5.82 0.1042 3.31 31.46 72.22 0.31 4.16 74.08 
12 5.73 0.1103 3.85 32.54 74.70 0.40 4.34 77.26 
14 4.90 0.1114 4.09 33.02 75.81 0.47 4.49 79.87 
15 5.39 0.0716 2.02 37.06 85.07 0.21 4.91 87.34 
17 5.32 0.0803 2.35 37.72 86.58 0.25 4.99 88.87 
19 4.70 0.0849 2.57 38.16 87.61 0.27 5.03 89.50 
21 4.80 0.0885 3.00 39.03 89.59 0.32 5.12 91.09 
22 4.45 0.0616 0.88 40.78 93.61 0.13 5.37 95.58 
25 5.12 0.0697 1.75 42.52 97.62 0.18 5.49 97.67 








Table D.2: Experimental data for tire chips 1"×1" in pH 4.0 solution 




















1 4.73 0.0696 3.09 6.18 31.79 0.46 0.92 30.82 
3 5.01 0.0905 4.05 8.10 41.67 0.60 1.21 40.53 
5 4.89 0.0989 4.26 8.51 43.82 0.65 1.31 43.92 
7 5.00 0.1014 4.48 8.96 46.11 0.69 1.38 46.31 
8 5.36 0.0374 0.75 1.49 53.78 0.12 1.62 54.47 
10 5.00 0.0513 1.48 2.95 61.30 0.20 1.78 59.59 
12 4.97 0.0597 1.81 3.62 64.73 0.26 1.89 63.55 
14 4.89 0.0666 2.12 4.25 67.97 0.31 2.01 67.37 
15 5.31 0.0236 0.52 1.04 73.33 0.11 2.22 74.65 
17 5.04 0.0372 0.95 1.90 77.77 0.18 2.37 79.41 
19 4.85 0.0499 1.23 2.46 80.63 0.21 2.42 81.19 
21 4.77 0.0579 1.65 3.31 85.01 0.27 2.55 85.51 
22 5.38 0.0218 0.50 1.01 90.20 <MRL NA NA 
25 5.07 0.0358 1.00 2.00 95.30 0.13 2.81 94.33 
28 4.80 0.0483 1.46 2.91 100.00 0.22 2.98 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.3: Experimental data for tire chips 2"×2" in pH 4.0 solution 




















1 4.16 0.0489 2.28 4.57 36.13 0.41 0.81 45.28 
3 4.56 0.0582 2.93 5.86 46.34 0.61 1.22 68.01 
5 4.65 0.0579 2.82 5.64 44.58 0.54 1.08 60.08 
7 4.79 0.0614 2.89 5.78 45.74 0.51 1.02 56.80 
8 2.67 0.0155 0.37 6.53 51.66 0.08 1.18 65.69 
10 4.54 0.0263 0.85 7.48 59.14 0.15 1.32 73.23 
12 4.51 0.0326 1.01 7.80 61.64 0.17 1.36 75.53 
14 4.11 0.0369 1.40 8.58 67.88 0.20 1.42 79.08 
15 4.35 0.0128 0.41 9.39 74.29 <MRL NA NA 
17 4.30 0.0196 0.56 9.71 76.75 <MRL NA NA 
19 4.46 0.0253 0.78 10.14 80.18 0.11 1.64 90.88 
21 4.06 0.0325 1.08 10.75 85.02 0.15 1.73 96.13 
22 4.35 0.0120 0.44 11.63 91.95 <MRL NA NA 
25 4.78 0.0190 0.74 12.22 96.66 <MRL NA NA 
28 4.62 0.0270 0.95 12.65 100.00 0.10 1.80 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.4: Experimental data for tire chips 4"×2" in pH 4.0 solution 




















1 4.39 0.0551 1.83 3.66 39.69 0.22 0.44 31.95 
3 4.75 0.0662 2.04 4.08 44.31 0.25 0.50 36.73 
5 4.72 0.0682 2.18 4.36 47.29 0.28 0.55 40.39 
7 4.90 0.0693 2.23 4.46 48.38 0.31 0.62 45.19 
8 4.51 0.0290 0.40 0.79 57.00 <MRL NA NA 
10 5.06 0.0358 0.64 1.28 62.30 0.10 0.82 60.15 
12 4.96 0.0417 0.80 1.60 65.74 0.12 0.87 63.36 
14 4.80 0.0474 0.91 1.82 68.17 0.14 0.91 66.28 
15 4.51 0.0238 0.32 0.63 75.01 <MRL NA NA 
17 4.89 0.0298 0.47 0.95 78.46 <MRL NA NA 
19 4.65 0.0374 0.64 1.27 82.00 0.11 1.13 82.22 
21 4.62 0.0430 0.74 1.47 84.16 0.12 1.14 83.20 
22 4.51 0.0238 0.37 0.75 92.27 <MRL NA NA 
25 5.18 0.0288 0.61 1.23 97.47 <MRL NA NA 
28 4.88 0.0367 0.73 1.46 100.00 0.12 1.37 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.5: Experimental data for tire chips 6"×2" in pH 4.0 solution 




















1 4.37 0.0590 1.78 3.55 37.74 0.22 0.43 32.53 
3 4.52 0.0665 1.86 3.72 39.49 0.23 0.47 35.34 
5 4.29 0.0753 2.18 4.36 46.32 0.27 0.54 40.64 
7 4.65 0.0789 2.22 4.44 47.15 0.28 0.57 42.76 
8 4.26 0.0393 0.44 5.33 56.58 <MRL NA NA 
10 4.95 0.0449 0.67 5.77 61.34 <MRL NA NA 
12 4.73 0.0515 0.90 6.24 66.28 0.11 0.79 59.55 
14 4.46 0.0581 1.18 6.80 72.25 0.16 0.89 67.28 
15 4.62 0.0370 0.59 7.98 84.75 <MRL NA NA 
17 4.93 0.0423 0.58 7.96 84.58 <MRL NA NA 
19 4.50 0.0503 0.84 8.48 90.11 0.10 1.09 82.08 
21 4.66 0.0523 0.58 7.97 84.63 0.10 1.09 82.31 
22 4.30 0.0349 0.35 8.67 92.10 <MRL NA NA 
25 4.94 0.0421 0.54 9.04 96.00 <MRL NA NA 
28 4.53 0.0472 0.72 9.41 100.00 0.12 1.33 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.6: Experimental data for crumb rubber in pH 7.0 solution 




















1 7.04 0.2083 13.48 26.95 47.86 1.45 2.90 49.25 
3 6.90 0.2394 15.82 31.64 56.18 1.69 3.37 57.31 
5 6.68 0.2313 15.65 31.31 55.59 1.71 3.42 58.18 
7 6.67 0.2291 15.75 31.51 55.95 1.73 3.46 58.90 
8 7.02 0.0696 3.03 37.56 66.69 0.24 3.94 67.00 
10 7.11 0.0822 4.10 39.72 70.52 0.36 4.19 71.31 
12 6.93 0.0878 4.85 41.21 73.18 0.46 4.38 74.43 
14 6.90 0.0934 5.44 42.39 75.28 0.52 4.50 76.49 
15 6.85 0.0498 2.04 46.48 82.53 0.18 4.86 82.68 
17 6.78 0.0564 2.85 48.09 85.39 0.29 5.07 86.25 
19 6.70 0.0618 3.27 48.94 86.90 0.33 5.16 87.73 
21 6.67 0.0694 3.91 50.21 89.17 0.39 5.29 89.86 
22 6.64 0.0379 1.64 53.49 94.98 0.15 5.58 94.85 
25 6.70 0.0449 2.35 54.92 97.52 0.22 5.72 97.25 








Table D.7: Experimental data for tire chips 1"×1" in pH 7.0 solution 




















1 6.87 0.0539 2.57 5.14 26.27 0.44 0.88 29.58 
3 6.94 0.0693 3.51 7.02 35.87 0.56 1.13 38.04 
5 6.75 0.0797 3.85 7.69 39.32 0.58 1.16 39.28 
7 6.79 0.0846 4.11 8.22 42.02 0.64 1.28 43.26 
8 6.36 0.0256 0.76 1.52 49.79 0.11 1.51 51.01 
10 6.60 0.0368 1.42 2.84 56.54 0.18 1.63 55.20 
12 6.64 0.0509 1.86 3.73 61.08 0.25 1.78 60.27 
14 6.60 0.0579 2.20 4.41 64.56 0.30 1.89 63.83 
15 6.08 0.0235 0.67 1.34 71.40 0.11 2.11 71.40 
17 6.47 0.0346 1.18 2.36 76.63 0.19 2.27 76.77 
19 6.55 0.0450 1.52 3.05 80.13 0.22 2.34 78.91 
21 6.54 0.0489 1.89 3.79 83.92 0.30 2.50 84.29 
22 6.46 0.0200 0.55 1.10 89.54 <MRL NA NA 
25 6.95 0.0345 1.07 2.14 94.84 0.15 2.79 94.30 
28 6.70 0.0425 1.57 3.14 100.00 0.23 2.96 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.8: Experimental data for tire chips 2"×2" in pH 7.0 solution 




















1 6.77 0.0798 2.81 5.61 43.31 0.26 0.52 42.27 
3 6.40 0.1110 3.12 6.23 48.10 0.26 0.51 41.67 
5 6.42 0.1183 3.30 6.60 50.95 0.28 0.56 45.60 
7 6.46 0.1264 3.34 6.68 51.51 0.28 0.57 45.90 
8 6.33 0.0243 0.59 7.87 60.69 <MRL NA NA 
10 6.82 0.0316 0.81 8.29 64.00 <MRL NA NA 
12 6.49 0.0332 1.18 9.04 69.74 0.12 0.80 65.19 
14 6.47 0.0373 1.35 9.38 72.39 0.12 0.81 66.06 
15 6.19 0.0168 0.47 10.31 79.59 <MRL NA NA 
17 6.58 0.0258 0.75 10.88 83.93 0.10 1.01 81.78 
19 6.61 0.0265 0.81 10.99 84.82 0.10 1.02 82.81 
21 6.44 0.0299 1.00 11.38 87.80 0.11 1.03 83.80 
22 6.36 0.0157 0.43 12.24 94.44 <MRL NA NA 
25 6.74 0.0236 0.64 12.65 97.60 <MRL NA NA 
28 6.69 0.0264 0.79 12.96 100.00 0.10 1.23 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.9: Experimental data for tire chips 4"×2" in pH 7.0 solution 




















1 6.88 0.0451 2.06 4.12 37.68 0.41 0.81 30.28 
3 7.12 0.0608 2.50 5.01 45.86 0.52 1.04 38.96 
5 6.83 0.0550 2.27 4.53 41.47 0.44 0.88 32.74 
7 6.85 0.0581 2.42 4.84 44.28 0.49 0.98 36.65 
8 6.59 0.0102 0.44 5.72 52.35 <MRL NA NA 
10 6.48 0.0178 0.68 6.21 56.81 <MRL NA NA 
12 6.64 0.0248 0.88 6.60 60.41 0.12 1.22 45.55 
14 6.62 0.0315 1.21 7.26 66.41 0.18 1.35 50.20 
15 6.14 0.0081 0.37 7.99 73.10 0.12 1.59 59.30 
17 6.52 0.0143 0.57 8.39 76.84 0.31 1.96 73.19 
19 6.53 0.0207 0.76 8.77 80.27 0.38 2.11 78.77 
21 6.66 0.0260 1.07 9.39 85.92 0.55 2.44 90.99 
22 6.42 0.0082 0.33 10.05 92.02 <MRL NA NA 
25 6.75 0.0167 0.58 10.54 96.46 <MRL NA NA 
28 6.73 0.0210 0.77 10.92 100.00 0.12 2.68 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.10: Experimental data for tire chips 6"×2" in pH 7.0 solution 




















1 6.81 0.0506 1.84 3.68 31.01 0.26 0.53 32.16 
3 6.26 0.0645 2.29 4.58 38.53 0.29 0.59 35.92 
5 6.53 0.0667 2.55 5.09 42.90 0.34 0.68 41.55 
7 6.36 0.0755 2.63 5.25 44.23 0.34 0.68 41.58 
8 6.76 0.0260 0.55 6.35 53.44 <MRL NA NA 
10 6.85 0.0319 0.88 7.02 59.07 0.12 0.92 56.02 
12 6.45 0.0396 1.10 7.45 62.71 0.14 0.95 58.06 
14 6.32 0.0425 1.29 7.84 66.02 0.18 1.04 63.25 
15 6.33 0.0248 0.50 8.84 74.46 <MRL NA NA 
17 6.92 0.0282 0.86 9.56 80.53 0.11 1.27 77.15 
19 6.75 0.0326 0.86 9.57 80.56 0.13 1.30 79.15 
21 6.22 0.0384 1.08 9.99 84.16 0.17 1.37 83.53 
22 6.70 0.0207 0.45 10.90 91.78 <MRL NA NA 
25 6.40 0.0275 0.70 11.39 95.95 0.12 1.61 97.86 
28 6.82 0.0321 0.94 11.88 100.00 0.14 1.64 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.11: Experimental data for crumb rubber in pH 10.0 solution 




















1 9.54 0.2857 18.42 36.85 30.13 1.47 2.93 57.36 
3 9.70 0.3844 23.58 47.15 38.56 1.64 3.28 64.14 
5 8.95 0.3885 26.21 52.43 42.87 1.33 2.67 52.10 
7 9.49 0.4332 30.58 61.15 50.01 1.39 2.78 54.39 
8 8.95 0.1187 6.08 73.30 59.94 0.30 3.37 65.93 
10 9.34 0.1422 9.76 80.68 65.98 0.37 3.53 69.04 
12 9.38 0.1604 12.36 85.87 70.23 0.46 3.71 72.48 
14 9.32 0.1749 14.24 89.64 73.30 0.54 3.87 75.62 
15 9.30 0.0687 4.81 99.26 81.17 0.20 4.26 83.30 
17 9.49 0.0892 6.56 102.75 84.03 0.25 4.37 85.34 
19 9.00 0.0981 7.66 104.95 85.83 0.31 4.49 87.84 
21 9.55 0.0719 10.38 110.39 90.28 0.40 4.67 91.30 
22 9.55 0.0553 3.10 116.59 95.34 0.10 4.87 95.26 
25 9.59 0.0732 5.99 122.38 100.08 0.18 5.03 98.36 








Table D.12: Experimental data for tire chips 1"×1" in pH 10.0 solution 




















1 9.80 0.0746 3.10 6.20 22.94 0.45 0.90 33.81 
3 9.92 0.1116 5.23 10.46 38.70 0.59 1.17 43.91 
5 9.74 0.1111 6.06 12.12 44.84 0.53 1.07 39.93 
7 10.09 0.1335 6.64 13.29 49.15 0.61 1.22 45.80 
8 9.87 0.0230 0.82 1.63 55.19 0.15 1.52 56.82 
10 9.91 0.0382 1.89 3.77 63.11 0.22 1.66 62.21 
12 9.90 0.0522 2.52 5.04 67.80 0.27 1.77 66.05 
14 9.80 0.0613 3.06 6.13 71.82 0.29 1.81 67.63 
15 9.93 0.0181 0.73 1.47 77.24 0.13 2.08 77.67 
17 9.95 0.0309 1.34 2.68 81.72 0.19 2.18 81.66 
19 9.76 0.0423 1.82 3.64 85.29 0.23 2.26 84.64 
21 9.95 0.0460 2.12 4.24 87.51 0.24 2.29 85.53 
22 10.01 0.0217 0.59 1.19 91.90 0.12 2.52 94.16 
25 9.96 0.0309 1.15 2.31 96.05 0.15 2.60 97.10 








Table D.13: Experimental data for tire chips 2"×2" in pH 10.0 solution 




















1 9.85 0.0722 3.68 7.36 26.95 0.39 0.78 39.34 
3 9.60 0.1076 5.73 11.45 41.93 0.40 0.81 40.93 
5 9.80 0.1206 6.29 12.58 46.05 0.41 0.81 41.16 
7 9.90 0.1316 6.58 13.16 48.17 0.44 0.87 44.19 
8 9.86 0.0133 0.98 15.13 55.37 0.10 1.07 54.22 
10 9.82 0.0260 1.94 17.04 62.40 0.14 1.15 58.32 
12 9.87 0.0406 2.65 18.46 67.59 0.19 1.26 63.90 
14 9.92 0.0527 3.14 19.44 71.18 0.22 1.32 66.85 
15 9.92 0.0083 0.80 21.05 77.07 <MRL NA NA 
17 10.03 0.0176 1.52 22.48 82.31 0.12 1.56 79.10 
19 9.66 0.0267 1.97 23.39 85.62 0.18 1.68 85.31 
21 9.90 0.0373 2.32 24.08 88.17 0.19 1.70 86.44 
22 9.99 0.0035 0.61 25.30 92.61 <MRL NA NA 
25 10.00 0.0147 0.89 25.86 94.68 <MRL NA NA 
28 9.71 0.0209 1.62 27.31 100.00 0.13 1.97 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.14: Experimental data for tire chips 4"×2" in pH 10.0 solution 




















1 9.77 0.0716 3.39 6.78 29.39 0.38 0.76 29.84 
3 10.12 0.1125 5.30 10.60 45.94 0.52 1.04 40.71 
5 9.81 0.1237 5.49 10.98 47.58 0.34 0.67 26.45 
7 10.08 0.1352 5.83 11.65 50.49 0.51 1.02 39.93 
8 9.88 0.0136 0.57 1.13 55.39 <MRL NA NA 
10 9.85 0.0288 1.20 2.39 60.86 0.14 1.30 51.20 
12 9.95 0.0438 1.91 3.82 67.04 0.20 1.42 55.81 
14 9.87 0.0520 2.33 4.66 70.67 0.22 1.45 57.00 
15 9.94 0.0118 0.53 1.07 75.29 0.15 1.75 68.81 
17 9.93 0.0214 0.97 1.94 79.07 0.26 1.97 77.45 
19 9.76 0.0325 1.44 2.89 83.18 0.33 2.10 82.53 
21 9.94 0.0410 1.85 3.71 86.74 0.37 2.20 86.23 
22 10.17 0.0081 0.62 1.23 92.08 <MRL NA NA 
25 10.00 0.0198 0.95 1.91 95.01 0.11 2.43 95.23 
28 9.89 0.0299 1.53 3.06 100.00 0.18 2.55 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.15: Experimental data for tire chips 6"×2" in pH 10.0 solution 




















1 9.83 0.0613 3.24 6.48 34.70 0.34 0.67 46.19 
3 9.92 0.0907 4.67 9.35 50.04 0.35 0.71 48.77 
5 9.83 0.0897 4.74 9.47 50.70 0.34 0.67 46.19 
7 10.05 0.0979 4.95 9.89 52.95 0.38 0.76 52.29 
8 9.97 0.0122 0.67 11.24 60.14 <MRL NA NA 
10 9.92 0.0143 1.20 12.28 65.75 0.12 1.01 69.17 
12 9.87 0.0231 1.68 13.25 70.92 0.18 1.13 77.44 
14 9.98 0.0272 1.90 13.69 73.30 0.15 1.05 72.35 
15 10.00 0.0061 0.59 14.88 79.65 <MRL NA NA 
17 9.97 0.0096 0.89 15.47 82.82 <MRL NA NA 
19 9.68 0.0165 1.10 15.90 85.12 0.12 1.28 88.40 
21 10.01 0.0199 1.63 16.95 90.71 0.12 1.29 88.83 
22 10.03 0.0021 0.45 17.84 95.52 <MRL NA NA 
25 9.92 0.0082 0.68 18.30 97.94 <MRL NA NA 
28 9.86 0.0130 0.87 18.68 100.00 0.10 1.45 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.16: Experimental data for crumb rubber in rainwater (at pH 3.0) 




















1 4.29 0.1661 11.17 22.35 35.79 1.67 3.34 40.95 
3 3.37 0.2069 13.07 26.14 41.88 2.08 4.16 50.90 
5 3.23 0.2231 14.35 28.71 45.98 2.12 4.24 51.99 
7 3.06 0.2344 15.60 31.20 49.98 2.26 4.51 55.25 
8 3.11 0.0739 2.72 36.64 58.68 0.28 5.07 62.06 
10 3.08 0.0955 4.04 39.28 62.92 0.45 5.41 66.31 
12 3.07 0.1077 4.96 41.12 65.86 0.60 5.70 69.85 
14 3.02 0.1201 5.82 42.85 68.63 0.71 5.92 72.52 
15 3.02 0.0474 1.81 46.48 74.44 0.20 6.32 77.44 
17 3.01 0.0725 2.89 48.64 77.90 0.33 6.57 80.50 
19 3.05 0.0953 4.11 51.08 81.81 0.46 6.85 83.85 
21 3.07 0.1182 5.24 53.34 85.43 0.60 7.12 87.20 
22 3.07 0.0298 1.66 56.65 90.73 0.18 7.47 91.54 
25 3.08 0.0472 3.02 59.37 95.09 0.34 7.80 95.54 








Table D.17: Experimental data for tire chips 1"×1" in rainwater (at pH 3.0) 




















1 3.81 0.1042 2.73 5.47 22.28 0.33 0.66 21.25 
3 3.85 0.1440 4.30 8.59 34.99 0.45 0.91 29.16 
5 3.83 0.1629 5.04 10.07 41.02 0.51 1.02 32.76 
7 3.50 0.2001 5.46 10.91 44.46 0.59 1.17 37.56 
8 3.54 0.0510 0.94 12.79 52.10 0.13 1.42 45.74 
10 3.60 0.0815 1.78 14.47 58.95 0.24 1.64 52.68 
12 3.38 0.1169 2.39 15.69 63.89 0.33 1.83 58.70 
14 3.30 0.1377 2.82 16.56 67.47 0.40 1.96 62.98 
15 3.01 0.0330 0.76 18.09 73.68 0.13 2.23 71.55 
17 3.30 0.0925 1.29 19.15 78.02 0.19 2.35 75.45 
19 3.26 0.1046 1.71 19.99 81.42 0.24 2.44 78.48 
21 3.18 0.1271 2.10 20.76 84.57 0.30 2.57 82.55 
22 3.36 0.0546 0.73 22.21 90.48 0.11 2.78 89.32 
25 3.11 0.0656 1.33 23.43 95.45 0.18 2.94 94.41 








Table D.18: Experimental data for tire chips 2"×2" in rainwater (at pH 3.0) 




















1 3.36 0.1012 2.28 4.56 31.76 0.27 0.54 27.65 
3 3.33 0.1366 2.97 5.94 41.32 0.36 0.72 36.82 
5 3.32 0.1382 3.03 6.06 42.18 0.38 0.76 38.73 
7 3.15 0.1731 3.19 6.37 44.34 0.44 0.88 44.58 
8 3.20 0.0730 0.68 7.74 53.84 <MRL NA NA 
10 3.17 0.1077 1.14 8.66 60.23 0.14 1.16 59.00 
12 3.12 0.1249 1.41 9.19 63.94 0.18 1.24 63.14 
14 3.07 0.1272 1.59 9.56 66.53 0.21 1.30 65.95 
15 2.99 0.0353 0.49 10.54 73.32 <MRL NA NA 
17 3.07 0.1010 0.76 11.08 77.12 <MRL NA NA 
19 3.04 0.1268 1.02 11.60 80.69 0.14 1.57 79.90 
21 3.04 0.1212 1.19 11.93 83.03 0.16 1.62 82.34 
22 3.14 0.0619 0.54 13.01 90.55 0.10 1.81 92.31 
25 3.08 0.0944 0.91 13.76 95.71 0.14 1.90 96.88 
28 3.04 0.1326 1.22 14.37 100.00 0.17 1.96 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.19: Experimental data for tire chips 4"×2" in rainwater (at pH 3.0) 




















1 3.36 0.0906 1.74 3.49 29.62 0.23 0.45 25.72 
3 3.26 0.1200 2.36 4.73 40.11 0.30 0.61 34.44 
5 3.23 0.1401 2.54 5.08 43.08 0.34 0.68 38.72 
7 3.17 0.1589 2.66 5.32 45.16 0.38 0.77 43.43 
8 3.20 0.0931 0.67 6.65 56.46 <MRL NA NA 
10 3.13 0.1220 1.03 7.37 62.56 0.14 1.04 58.83 
12 3.11 0.1274 1.23 7.78 66.06 0.16 1.09 61.85 
14 3.05 0.1305 1.35 8.03 68.13 0.18 1.13 64.06 
15 3.03 0.0448 0.42 8.86 75.23 <MRL NA NA 
17 3.08 0.1337 0.68 9.38 79.66 0.10 1.33 75.54 
19 3.05 0.1490 0.81 9.65 81.93 0.12 1.37 77.64 
21 3.03 0.1533 0.96 9.96 84.50 0.15 1.42 80.57 
22 3.17 0.0990 0.44 10.83 91.94 <MRL NA NA 
25 3.06 0.1234 0.76 11.47 97.39 0.13 1.69 95.64 
28 3.05 0.1505 0.91 11.78 100.00 0.17 1.76 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.20: Experimental data for tire chips 6"×2" in rainwater (at pH 3.0) 




















1 3.75 0.0703 2.04 4.09 32.42 0.22 0.44 27.41 
3 3.69 0.0846 2.48 4.96 39.34 0.28 0.55 34.80 
5 3.59 0.1041 2.57 5.15 40.84 0.31 0.61 38.59 
7 3.33 0.1312 2.78 5.57 44.18 0.34 0.67 42.19 
8 3.49 0.0443 0.59 6.76 53.60 <MRL NA NA 
10 3.34 0.0789 1.46 8.48 67.26 0.25 1.16 73.00 
12 3.22 0.0893 1.20 7.96 63.16 0.14 0.94 59.26 
14 3.12 0.1074 1.43 8.44 66.93 0.19 1.05 65.93 
15 3.03 0.0207 0.41 9.26 73.48 <MRL NA NA 
17 3.09 0.0758 0.66 9.76 77.44 <MRL NA NA 
19 3.13 0.0891 0.88 10.19 80.84 0.10 1.26 78.94 
21 3.08 0.1044 1.03 10.49 83.21 0.13 1.31 82.01 
22 3.17 0.0520 0.49 11.46 90.92 <MRL NA NA 
25 3.11 0.0713 0.84 12.17 96.52 0.13 1.57 98.52 
28 3.06 0.1191 1.06 12.61 100.00 0.14 1.59 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.21: Experimental data for crumb rubber in soft groundwater (at pH 6.3) 




















1 6.93 0.1597 12.36 24.71 50.22 1.48 2.97 50.95 
3 6.74 0.1804 12.97 25.94 52.72 1.51 3.02 51.79 
5 6.51 0.1797 13.18 26.36 53.57 1.63 3.26 55.94 
7 6.52 0.1854 13.25 26.51 53.87 1.66 3.33 57.14 
8 6.76 0.0600 2.72 31.96 64.94 0.26 3.85 66.05 
10 6.66 0.0732 3.77 34.04 69.17 0.39 4.10 70.36 
12 6.46 0.0791 4.41 35.32 71.78 0.49 4.31 74.04 
14 6.16 0.0833 4.99 36.50 74.17 0.57 4.46 76.60 
15 6.57 0.0422 1.87 40.23 81.75 0.20 4.86 83.35 
17 6.58 0.0504 2.56 41.62 84.58 0.27 4.99 85.73 
19 6.52 0.0560 3.15 42.79 86.96 0.33 5.13 88.00 
21 6.31 0.0597 3.48 43.46 88.31 0.38 5.22 89.64 
22 6.65 0.0312 1.39 46.23 93.94 0.11 5.44 93.38 
25 6.24 0.0367 1.92 47.29 96.10 0.17 5.57 95.54 
28 6.35 0.0470 2.88 49.21 100.00 0.30 5.83 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.22: Experimental data for tire chips 1"×1" in soft groundwater (at pH 6.3) 




















1 6.33 0.0406 2.25 4.50 25.05 0.30 0.61 25.03 
3 6.35 0.0564 3.17 6.33 35.28 0.44 0.87 35.89 
5 5.94 0.0743 3.61 7.21 40.19 0.50 1.01 41.42 
7 6.30 0.0773 3.93 7.87 43.83 0.55 1.09 44.93 
8 6.69 0.0159 0.77 9.40 52.38 0.13 1.35 55.42 
10 6.32 0.0320 1.43 10.72 59.74 0.19 1.48 60.89 
12 6.27 0.0389 1.84 11.55 64.35 0.25 1.59 65.25 
14 6.07 0.0478 2.20 12.27 68.34 0.30 1.68 69.28 
15 6.49 0.0164 0.71 13.68 76.21 0.12 1.92 78.96 
17 6.45 0.0242 1.03 14.33 79.86 0.18 2.04 83.72 
19 6.40 0.0327 1.42 15.10 84.13 0.21 2.11 86.87 
21 6.15 0.0390 1.71 15.69 87.43 0.24 2.17 89.19 
22 6.64 0.0155 0.55 16.78 93.52 <MRL NA NA 
25 6.04 0.0269 0.82 17.33 96.55 <MRL NA NA 
28 6.34 0.0327 1.13 17.95 100.00 0.13 2.43 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.23: Experimental data for tire chips 2"×2" in soft groundwater (at pH 6.3) 




















1 6.33 0.0453 1.81 3.62 33.26 0.17 0.35 27.76 
3 6.37 0.0360 1.95 3.89 35.80 0.17 0.34 27.04 
5 6.17 0.0389 2.12 4.24 38.97 0.19 0.39 30.97 
7 6.27 0.0424 2.30 4.59 42.26 0.22 0.44 35.56 
8 6.56 0.0085 0.55 5.68 52.29 0.10 0.65 52.22 
10 6.34 0.0152 0.87 6.32 58.18 0.13 0.70 56.13 
12 6.30 0.0191 1.12 6.83 62.85 0.16 0.76 60.92 
14 6.08 0.0232 1.38 7.36 67.73 0.19 0.83 66.58 
15 6.45 0.0107 0.50 8.36 76.93 <MRL NA NA 
17 6.38 0.0117 0.67 8.70 79.98 0.10 1.03 82.76 
19 6.36 0.0173 0.85 9.06 83.35 0.13 1.09 87.66 
21 6.13 0.0184 1.02 9.40 86.43 0.16 1.14 91.95 
22 6.76 0.0096 0.35 10.09 92.83 <MRL NA NA 
25 6.04 0.0124 0.49 10.38 95.50 <MRL NA NA 
28 6.22 0.0144 0.74 10.87 100.00 0.10 1.24 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.24: Experimental data for tire chips 4"×2" in soft groundwater (at pH 6.3) 




















1 6.37 0.0798 3.26 6.53 39.34 0.33 0.66 42.21 
3 6.21 0.0798 3.78 7.56 45.57 0.35 0.70 44.70 
5 6.18 0.0850 4.11 8.23 49.59 0.37 0.73 46.74 
7 6.40 0.0880 4.20 8.39 50.57 0.36 0.72 46.01 
8 6.62 0.0170 0.72 9.83 59.23 0.11 0.95 60.19 
10 6.22 0.0262 1.16 10.70 64.50 0.15 1.02 65.25 
12 6.31 0.0337 1.73 11.85 71.43 0.18 1.09 69.32 
14 6.10 0.0399 2.07 12.54 75.56 0.20 1.13 71.95 
15 6.41 0.0135 0.55 13.64 82.22 0.10 1.33 84.75 
17 6.37 0.0205 0.84 14.22 85.69 0.13 1.38 87.94 
19 6.33 0.0254 1.12 14.78 89.06 0.14 1.41 89.64 
21 6.16 0.0278 1.17 14.87 89.63 0.15 1.42 90.72 
22 6.62 0.0134 0.38 15.63 94.22 <MRL NA NA 
25 6.11 0.0178 0.64 16.14 97.29 <MRL NA NA 
28 6.17 0.0233 0.86 16.59 100.00 0.10 1.57 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.25: Experimental data for tire chips 6"×2" in soft groundwater (at pH 6.3) 




















1 6.39 0.0682 2.65 5.29 33.34 0.27 0.55 28.01 
3 6.33 0.0527 3.03 6.07 38.22 0.31 0.62 32.05 
5 6.23 0.0560 3.36 6.72 42.36 0.36 0.72 36.96 
7 6.38 0.0598 3.56 7.13 44.90 0.38 0.76 38.78 
8 6.64 0.0168 0.70 8.52 53.68 0.15 1.05 53.75 
10 6.37 0.0241 1.17 9.47 59.66 0.19 1.13 57.80 
12 6.39 0.0258 1.55 10.22 64.40 0.21 1.17 59.91 
14 6.03 0.0323 1.98 11.09 69.84 0.28 1.31 67.17 
15 6.45 0.0120 0.59 12.27 77.29 0.11 1.52 78.15 
17 6.34 0.0174 0.91 12.91 81.31 0.14 1.60 81.97 
19 6.41 0.0207 1.11 13.30 83.80 0.17 1.64 84.18 
21 6.22 0.0248 1.35 13.78 86.79 0.19 1.69 86.75 
22 6.65 0.0096 0.45 14.67 92.41 <MRL NA NA 
25 6.16 0.0158 0.78 15.34 96.62 <MRL NA NA 
28 6.24 0.0216 1.05 15.88 100.00 0.13 1.95 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.26: Experimental data for crumb rubber in hard groundwater (at pH 8.1) 




















1 7.53 0.1674 11.88 23.76 38.80 1.39 2.79 56.62 
3 7.76 0.2076 14.77 29.54 48.23 1.61 3.23 65.55 
5 7.56 0.2241 15.93 31.87 52.03 1.37 2.74 55.76 
7 7.58 0.2296 16.81 33.63 54.90 1.42 2.84 57.80 
8 7.80 0.0664 3.46 40.54 66.19 0.22 3.28 66.72 
10 7.38 0.0804 4.80 43.23 70.58 0.32 3.48 70.75 
12 7.41 0.0934 5.69 45.01 73.49 0.44 3.72 75.55 
14 7.42 0.1032 6.19 46.01 75.12 0.48 3.80 77.19 
15 7.71 0.0441 2.50 51.01 83.28 0.12 4.04 82.14 
17 7.79 0.0553 3.23 52.48 85.68 0.19 4.17 84.77 
19 7.71 0.0596 3.78 53.57 87.46 0.23 4.26 86.63 
21 7.30 0.0677 4.29 54.59 89.14 0.31 4.41 89.66 
22 8.03 0.0370 1.75 58.09 94.85 0.11 4.63 94.15 
25 7.67 0.0443 2.60 59.79 97.62 0.19 4.79 97.28 








Table D.27: Experimental data for tire chips 1"×1" in hard groundwater (at pH 8.1) 




















1 7.54 0.0453 2.60 5.21 25.80 0.36 0.71 27.60 
3 7.82 0.0692 3.47 6.94 34.36 0.45 0.90 35.05 
5 7.71 0.0787 3.74 7.48 37.04 0.45 0.90 34.94 
7 7.70 0.0859 4.04 8.08 40.04 0.53 1.07 41.37 
8 8.00 0.0222 0.57 9.23 45.70 0.11 1.28 49.74 
10 7.73 0.0342 1.29 10.66 52.83 0.15 1.37 53.02 
12 7.60 0.0479 1.88 11.84 58.68 0.23 1.52 59.01 
14 7.60 0.0567 2.49 13.05 64.67 0.27 1.60 62.15 
15 7.98 0.0158 0.48 14.02 69.44 <MRL NA NA 
17 8.00 0.0264 1.01 15.07 74.65 0.12 1.84 71.16 
19 7.97 0.0335 1.39 15.83 78.41 0.16 1.92 74.28 
21 7.76 0.0429 1.94 16.94 83.92 0.22 2.04 79.20 
22 8.22 0.0110 0.38 17.69 87.65 <MRL NA NA 
25 8.02 0.0289 1.14 19.21 95.18 0.16 2.37 91.68 
28 8.01 0.0399 1.62 20.19 100.00 0.27 2.58 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.28: Experimental data for tire chips 2"×2" in hard groundwater (at pH 8.1) 




















1 7.66 0.0616 3.26 6.51 34.66 0.30 0.60 50.94 
3 7.84 0.0806 3.80 7.60 40.47 0.25 0.50 42.48 
5 7.77 0.0905 4.16 8.31 44.24 0.26 0.52 44.16 
7 7.75 0.0999 4.42 8.84 47.04 0.26 0.52 43.99 
8 8.09 0.0114 0.42 9.68 51.50 <MRL NA NA 
10 7.86 0.0291 0.98 10.80 57.48 <MRL NA NA 
12 7.73 0.0368 1.66 12.16 64.69 0.10 0.73 61.28 
14 7.72 0.0456 2.10 13.04 69.42 0.12 0.76 64.48 
15 8.04 0.0083 0.43 13.91 74.05 <MRL NA NA 
17 8.08 0.0146 0.69 14.42 76.75 <MRL NA NA 
19 8.05 0.0241 1.19 15.43 82.14 <MRL NA NA 
21 7.92 0.0322 1.50 16.05 85.43 0.10 0.96 81.02 
22 8.26 0.0070 0.28 16.61 88.39 <MRL NA NA 
25 8.13 0.0200 0.72 17.49 93.09 <MRL NA NA 
28 8.07 0.0295 1.37 18.79 100.00 0.11 1.19 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.29: Experimental data for tire chips 4"×2" in hard groundwater (at pH 8.1) 




















1 7.70 0.0306 1.65 3.29 30.39 0.17 0.35 31.51 
3 7.96 0.0462 2.13 4.26 39.27 0.17 0.33 29.96 
5 7.90 0.0556 2.41 4.82 44.51 0.17 0.34 30.75 
7 7.87 0.0620 2.57 5.15 47.51 0.23 0.46 42.01 
8 8.10 0.0089 0.33 5.80 53.50 <MRL NA NA 
10 8.01 0.0235 0.62 6.38 58.89 <MRL NA NA 
12 7.92 0.0292 0.83 6.80 62.74 <MRL NA NA 
14 7.90 0.0334 1.22 7.60 70.10 0.13 0.72 65.04 
15 8.11 0.0077 0.40 8.39 77.44 <MRL NA NA 
17 8.10 0.0122 0.54 8.68 80.12 <MRL NA NA 
19 8.20 0.0157 0.69 8.98 82.83 <MRL NA NA 
21 7.96 0.0225 0.84 9.29 85.67 0.12 0.96 87.13 
22 8.24 0.0036 0.25 9.78 90.21 <MRL NA NA 
25 8.24 0.0162 0.49 10.28 94.80 <MRL NA NA 
28 8.22 0.0180 0.78 10.84 100.00 0.10 1.10 100.00 
<MRL: Concentration below minimum reporting level. 







Table D.30: Experimental data for tire chips 6"×2" in hard groundwater (at pH 8.1) 




















1 7.62 0.0478 2.79 5.57 38.16 0.32 0.65 39.14 
3 7.86 0.0663 3.34 6.68 45.77 0.38 0.76 45.73 
5 7.71 0.0756 3.48 6.95 47.63 0.35 0.71 42.68 
7 7.67 0.0828 3.59 7.17 49.13 0.38 0.76 45.63 
8 8.00 0.0105 0.41 7.99 54.75 <MRL NA NA 
10 7.79 0.0202 0.82 8.82 60.39 <MRL NA NA 
12 7.64 0.0281 1.26 9.69 66.35 0.14 1.04 62.88 
14 7.63 0.0318 1.53 10.23 70.08 0.17 1.09 65.66 
15 8.02 0.0080 0.39 11.00 75.37 <MRL NA NA 
17 8.02 0.0122 0.57 11.37 77.87 <MRL NA NA 
19 7.95 0.0187 0.85 11.94 81.76 <MRL NA NA 
21 7.74 0.0251 0.99 12.21 83.63 0.11 1.31 79.10 
22 8.18 0.0080 0.34 12.88 88.25 <MRL NA NA 
25 8.00 0.0139 0.82 13.84 94.82 <MRL NA NA 
28 7.94 0.0228 1.19 14.60 100.00 0.17 1.66 100.00 
<MRL: Concentration below minimum reporting level. 








Table E.1: Experimental data for crumb rubber in pH 4.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.015 7.385 0.030 0.551 0.385 0.078 1.174 7.247 
3 0.010 14.374 0.057 0.625 0.795 0.133 1.350 14.012 
5 0.020 19.463 0.171 0.708 1.298 0.172 1.421 18.289 
7 0.015 19.998 0.366 0.709 1.749 0.200 1.453 20.466 
8 0.005 1.255 0.072 0.045 0.162 0.013 0.297 1.264 
10 0.007 3.846 0.087 0.089 0.532 0.039 0.380 3.406 
12 0.008 5.666 0.126 0.115 0.771 0.055 0.445 5.160 
14 0.045 8.475 0.482 0.129 1.169 0.076 0.489 6.992 
15 0.004 0.818 0.076 0.039 0.105 0.008 0.202 0.931 
17 0.006 2.649 0.173 0.043 0.407 0.022 0.247 2.350 
19 0.026 5.299 0.420 0.073 0.828 0.040 0.294 3.965 
21 0.028 7.235 0.513 0.074 1.112 0.054 0.351 5.280 
22 0.024 1.000 0.158 0.036 0.169 0.007 0.119 0.549 
25 0.010 3.323 0.287 0.043 0.575 0.024 0.221 2.247 









Table E.2: Experimental data for tire chips 1"×1" in pH 4.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.029 0.640 4.167 0.201 0.034 0.047 0.171 0.471 
3 0.036 0.674 9.472 0.304 0.041 0.125 0.237 0.493 
5 0.044 0.680 14.426 0.386 0.043 0.210 0.262 0.430 
7 0.058 0.712 18.890 0.453 0.045 0.307 0.278 0.353 
8 0.011 0.111 3.555 0.035 0.006 0.043 0.061 0.030 
10 0.026 0.118 9.805 0.121 0.008 0.148 0.105 0.056 
12 0.036 0.148 15.170 0.141 0.012 0.260 0.128 0.068 
14 0.049 0.186 20.078 0.207 0.018 0.382 0.134 0.074 
15 0.009 0.087 3.085 0.086 0.003 0.033 0.050 0.015 
17 0.021 0.117 8.473 0.079 0.005 0.123 0.089 0.031 
19 0.030 0.132 12.766 0.120 0.009 0.227 0.111 0.052 
21 0.041 0.152 17.451 0.116 0.013 0.333 0.108 0.061 
22 0.004 0.113 1.470 0.048 0.002 0.018 0.050 0.015 
25 0.018 0.064 7.837 0.061 0.005 0.135 0.073 0.035 
28 0.039 0.068 16.788 0.098 0.009 0.284 0.098 0.049 








Table E.3: Experimental data for tire chips 2"×2" in pH 4.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.026 1.994 2.919 0.094 0.043 0.043 0.156 0.400 
3 0.033 2.220 7.858 0.140 0.048 0.101 0.182 0.457 
5 0.034 2.234 12.689 0.163 0.049 0.168 0.194 0.425 
7 0.042 2.234 17.110 0.177 0.050 0.244 0.196 0.367 
8 0.006 0.086 2.378 0.065 0.002 0.027 0.055 0.022 
10 0.015 0.123 6.442 0.126 0.005 0.087 0.075 0.049 
12 0.024 0.215 11.214 0.094 0.007 0.152 0.093 0.069 
14 0.033 0.226 15.779 0.106 0.007 0.218 0.102 0.077 
15 0.006 0.091 2.291 0.019 0.002 0.024 0.042 0.016 
17 0.012 0.114 5.847 0.018 0.003 0.076 0.050 0.036 
19 0.020 0.124 10.525 0.037 0.004 0.140 0.063 0.058 
21 0.028 0.156 14.907 0.050 0.005 0.207 0.074 0.075 
22 0.007 0.059 2.953 <MRL 0.001 0.025 0.030 0.015 
25 0.015 0.072 8.804 0.036 0.003 0.106 0.052 0.041 
28 0.027 0.095 15.167 0.049 0.004 0.197 0.075 0.059 








Table E.4: Experimental data for tire chips 4"×2" in pH 4.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.027 2.341 2.752 0.085 0.041 0.037 0.137 0.348 
3 0.043 2.672 7.783 0.116 0.048 0.096 0.190 0.386 
5 0.054 2.675 12.817 0.163 0.049 0.157 0.217 0.340 
7 0.059 2.780 18.045 0.236 0.050 0.223 0.219 0.305 
8 0.011 0.140 3.193 0.049 0.004 0.029 0.056 0.017 
10 0.034 0.211 9.332 0.082 0.019 0.099 0.083 0.042 
12 0.040 0.273 15.174 0.100 0.007 0.173 0.102 0.057 
14 0.052 0.307 20.898 0.116 0.007 0.253 0.116 0.063 
15 0.008 0.078 2.915 0.028 0.001 0.025 0.050 0.010 
17 0.019 0.101 7.042 0.043 0.002 0.073 0.063 0.028 
19 0.028 0.117 11.252 0.028 0.003 0.130 0.083 0.045 
21 0.042 0.184 16.624 0.118 0.005 0.191 0.094 0.061 
22 0.007 0.055 2.409 0.036 0.001 0.023 0.029 0.010 
25 0.018 0.037 7.687 0.060 0.003 0.092 0.069 0.034 
28 0.039 0.049 15.882 0.037 0.004 0.179 0.073 0.055 








Table E.5: Experimental data for tire chips 6"×2" in pH 4.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.018 1.575 0.734 0.080 0.036 0.017 0.147 0.599 
3 0.029 1.700 2.996 0.095 0.041 0.036 0.184 0.738 
5 0.040 1.719 5.694 0.099 0.042 0.060 0.207 0.788 
7 0.041 1.701 8.019 0.129 0.041 0.082 0.219 0.797 
8 0.010 0.105 1.363 <MRL 0.002 0.013 0.052 0.039 
10 0.013 0.113 3.176 0.018 0.003 0.035 0.072 0.080 
12 0.023 0.157 5.955 0.030 0.005 0.062 0.093 0.115 
14 0.037 0.168 9.147 0.042 0.006 0.090 0.110 0.183 
15 0.005 0.089 1.273 0.016 0.003 0.013 0.037 0.050 
17 0.011 0.101 3.436 0.032 0.003 0.038 0.042 0.063 
19 0.024 0.114 7.223 0.036 0.005 0.071 0.074 0.145 
21 0.029 0.128 10.713 0.032 0.005 0.102 0.076 0.115 
22 0.009 0.032 1.846 <MRL 0.003 0.017 0.033 0.051 
25 0.014 0.062 6.566 <MRL 0.002 0.068 0.050 0.061 
28 0.019 0.108 10.113 0.038 0.006 0.114 0.074 0.145 








Table E.6: Experimental data for crumb rubber in pH 7.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.009 5.545 0.004 0.474 0.246 0.026 1.091 0.262 
3 0.008 9.055 0.004 0.505 0.301 0.036 1.202 0.552 
5 0.008 11.977 0.017 0.510 0.338 0.053 1.258 2.094 
7 0.009 13.490 0.011 0.538 0.350 0.061 1.276 3.748 
8 0.005 1.065 0.013 0.081 0.082 0.007 0.253 1.258 
10 0.007 2.058 0.013 0.091 0.151 0.018 0.319 2.476 
12 0.006 2.892 0.011 0.092 0.199 0.027 0.371 3.741 
14 0.006 3.633 0.013 0.113 0.235 0.034 0.431 4.810 
15 0.003 0.577 0.000 0.039 0.078 0.004 0.167 1.296 
17 0.005 1.175 0.005 0.032 0.152 0.012 0.227 2.425 
19 0.005 1.631 0.011 0.063 0.200 0.018 0.271 3.385 
21 0.005 2.169 0.009 0.063 0.242 0.025 0.337 5.031 
22 0.003 0.407 0.000 0.014 0.063 0.002 0.117 1.073 
25 0.008 1.013 0.008 0.032 0.149 0.011 0.199 2.208 









Table E.7: Experimental data for tire chips 1"×1" in pH 7.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.002 0.444 0.006 0.175 0.024 0.022 0.324 0.234 
3 0.001 0.488 0.005 0.170 0.032 0.038 0.409 0.232 
5 0.003 0.508 0.008 0.201 0.038 0.048 0.437 0.199 
7 0.002 0.514 0.011 0.210 0.042 0.052 0.463 0.182 
8 0.001 0.116 0.031 0.036 0.007 0.012 0.129 0.143 
10 0.001 0.120 0.015 0.034 0.010 0.022 0.173 0.164 
12 0.001 0.190 0.011 0.061 0.016 0.034 0.223 0.214 
14 0.001 0.173 0.015 0.072 0.014 0.042 0.235 0.198 
15 <MRL 0.071 0.003 0.000 0.003 0.008 0.092 0.089 
17 <MRL 0.101 0.002 0.030 0.005 0.013 0.131 0.085 
19 0.001 0.118 0.002 0.036 0.006 0.021 0.154 0.112 
21 0.002 0.116 0.001 0.024 0.007 0.026 0.177 0.115 
22 <MRL 0.021 <MRL <MRL 0.002 0.007 0.073 0.065 
25 <MRL 0.091 0.003 0.016 0.003 0.014 0.111 0.085 
28 0.001 0.087 0.003 0.026 0.005 0.021 0.146 0.113 








Table E.8: Experimental data for tire chips 2"×2" in pH 7.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.009 1.490 0.481 0.120 0.028 0.010 0.183 0.087 
3 0.004 1.887 0.176 0.152 0.034 0.026 0.230 0.127 
5 0.004 2.033 0.184 0.163 0.037 0.037 0.266 0.115 
7 0.005 2.144 0.274 0.179 0.039 0.045 0.289 0.111 
8 0.002 0.320 0.062 0.029 0.007 0.013 0.054 0.072 
10 0.002 0.463 0.093 0.036 0.010 0.019 0.077 0.079 
12 0.002 0.574 0.019 0.051 0.013 0.026 0.099 0.090 
14 0.002 0.687 0.036 0.065 0.016 0.031 0.119 0.094 
15 0.002 0.155 0.023 0.023 0.003 0.011 0.031 0.043 
17 0.002 0.263 0.045 0.050 0.006 0.015 0.077 0.046 
19 0.001 0.322 0.016 0.050 0.008 0.019 0.082 0.054 
21 0.001 0.378 0.005 0.053 0.009 0.023 0.089 0.053 
22 0.001 0.196 0.005 <MRL 0.003 0.009 0.033 0.034 
25 0.001 0.201 0.026 0.018 0.004 0.014 0.045 0.033 
28 0.001 0.255 0.007 0.022 0.006 0.016 0.067 0.035 








Table E.9: Experimental data for tire chips 4"×2" in pH 7.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.004 1.314 0.044 0.077 0.024 0.008 0.137 0.062 
3 0.003 1.774 0.116 0.115 0.032 0.015 0.192 0.082 
5 0.002 1.853 0.030 0.130 0.034 0.020 0.207 0.099 
7 0.001 1.977 0.015 0.163 0.037 0.024 0.232 0.109 
8 0.001 0.244 <MRL 0.018 0.006 0.003 0.046 0.022 
10 0.001 0.417 <MRL 0.047 0.011 0.006 0.075 0.043 
12 0.001 0.540 0.007 0.038 0.014 0.007 0.094 0.052 
14 0.003 0.642 0.012 0.060 0.018 0.009 0.106 0.066 
15 0.001 0.175 0.004 0.011 0.004 0.002 0.044 0.023 
17 0.002 0.228 0.004 0.010 0.006 0.004 0.050 0.032 
19 0.002 0.311 0.004 0.065 0.008 0.005 0.077 0.042 
21 0.002 0.368 0.001 0.072 0.010 0.006 0.083 0.046 
22 0.001 0.126 <MRL 0.020 0.003 0.003 0.042 0.026 
25 0.002 0.166 <MRL 0.047 0.005 0.003 0.051 0.039 
28 0.002 0.213 0.002 0.050 0.007 0.005 0.069 0.046 
NA: Not Applicable. 








Table E.10: Experimental data for tire chips 6"×2" in pH 7.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.004 0.791 0.014 0.054 0.020 0.008 0.132 0.082 
3 0.006 0.919 0.057 0.061 0.023 0.011 0.174 0.122 
5 0.005 0.921 0.023 0.060 0.023 0.013 0.197 0.124 
7 0.007 0.957 0.143 0.072 0.025 0.015 0.204 0.164 
8 0.002 0.182 0.021 <MRL 0.005 0.002 0.042 0.113 
10 0.003 0.202 0.037 <MRL 0.006 0.005 0.066 0.130 
12 0.002 0.184 0.034 0.017 0.005 0.007 0.082 0.133 
14 0.002 0.233 0.025 0.024 0.007 0.010 0.110 0.177 
15 0.002 0.092 0.008 <MRL 0.002 <MRL 0.032 0.072 
17 0.001 0.097 0.024 <MRL 0.004 <MRL 0.057 0.076 
19 0.001 0.096 0.019 <MRL 0.003 0.003 0.073 0.110 
21 0.001 0.092 0.023 0.014 0.002 0.005 0.092 0.067 
22 0.000 0.074 0.007 <MRL 0.001 <MRL 0.028 0.037 
25 0.003 0.087 0.011 <MRL 0.002 0.003 0.060 0.088 
28 0.001 0.096 0.008 <MRL 0.003 0.003 0.084 0.082 








Table E.11: Experimental data for crumb rubber in pH 10.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.035 1.721 0.008 0.444 0.161 <MRL 1.126 0.030 
3 0.067 1.242 0.010 0.456 0.165 <MRL 1.388 0.025 
5 0.070 2.285 0.010 0.478 0.209 0.002 1.410 0.040 
7 0.077 1.619 0.010 0.479 0.183 0.001 1.492 0.030 
8 0.017 2.251 0.003 0.040 0.076 <MRL 0.255 0.020 
10 0.036 2.088 0.005 0.073 0.087 <MRL 0.342 0.022 
12 0.044 1.832 0.003 0.079 0.087 <MRL 0.398 0.021 
14 0.203 1.870 0.014 0.102 0.091 0.001 0.456 0.040 
15 0.016 1.277 0.007 <MRL 0.044 <MRL 0.164 0.025 
17 0.030 1.517 0.003 0.024 0.057 <MRL 0.220 0.019 
19 0.035 1.785 0.010 0.036 0.069 <MRL 0.267 0.034 
21 0.051 1.576 0.017 0.056 0.066 <MRL 0.319 0.033 
22 0.013 0.582 0.004 0.015 0.024 <MRL 0.095 0.022 
25 0.026 1.152 0.007 0.014 0.049 <MRL 0.159 0.025 
28 0.033 1.664 0.013 0.104 0.068 0.001 0.214 0.050 








Table E.12: Experimental data for tire chips 1"×1" in pH 10.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.036 0.275 0.023 0.185 0.010 <MRL 0.247 0.014 
3 0.057 0.297 0.027 0.278 0.010 0.001 0.347 0.021 
5 0.058 0.342 0.034 0.306 0.012 0.001 0.386 0.017 
7 0.055 0.317 0.053 0.334 0.011 0.003 0.413 0.016 
8 0.009 0.111 0.007 0.037 0.004 <MRL 0.085 0.046 
10 0.021 0.146 0.010 0.067 0.007 0.001 0.123 0.004 
12 0.029 0.190 0.025 0.078 0.010 0.001 0.159 0.010 
14 0.039 0.252 0.031 0.109 0.014 0.001 0.201 0.007 
15 0.013 0.124 0.021 0.042 0.004 <MRL 0.073 0.003 
17 0.021 0.145 0.011 0.049 0.007 <MRL 0.100 0.005 
19 0.028 0.186 0.022 0.070 0.011 0.001 0.126 0.017 
21 0.034 0.201 0.027 0.069 0.013 0.002 0.150 0.007 
22 0.009 0.071 0.024 0.020 0.004 <MRL 0.041 0.005 
25 0.023 0.119 0.032 0.038 0.010 0.001 0.132 0.006 
28 0.028 0.172 0.069 0.068 0.015 0.003 0.125 0.012 








Table E.13: Experimental data for tire chips 2"×2" in pH 10.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.045 1.168 0.016 0.080 0.023 0.001 0.201 0.020 
3 0.066 1.779 0.036 0.077 0.030 0.002 0.276 0.018 
5 0.072 1.847 0.074 0.082 0.032 0.004 0.312 0.024 
7 0.071 1.810 0.123 0.102 0.032 0.007 0.335 0.039 
8 0.014 0.556 0.022 <MRL 0.009 <MRL 0.057 0.009 
10 0.028 0.898 0.032 <MRL 0.016 0.001 0.094 0.011 
12 0.038 1.059 0.066 0.012 0.021 0.003 0.120 0.029 
14 0.046 1.172 0.106 0.017 0.023 0.005 0.144 0.024 
15 0.037 0.277 0.015 <MRL 0.007 <MRL 0.041 0.005 
17 0.025 0.502 0.034 <MRL 0.013 0.001 0.067 0.020 
19 0.074 0.713 0.073 0.020 0.021 0.003 0.090 0.029 
21 0.040 0.778 0.091 0.082 0.023 0.005 0.109 0.024 
22 0.007 0.178 0.019 <MRL 0.006 <MRL 0.028 0.004 
25 0.017 0.389 0.048 <MRL 0.013 0.002 0.052 0.009 
28 0.021 0.544 0.105 0.022 0.019 0.005 0.074 0.017 








Table E.14: Experimental data for tire chips 4"×2" in pH 10.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.036 0.830 0.022 0.526 0.015 0.001 0.253 0.021 
3 0.055 1.011 0.037 0.279 0.017 0.002 0.337 0.023 
5 0.059 1.158 0.096 0.327 0.021 0.004 0.374 0.022 
7 0.049 0.306 0.101 0.321 0.011 0.005 0.399 0.018 
8 0.010 0.241 0.013 0.033 0.006 <MRL 0.060 0.008 
10 0.021 0.566 0.020 0.059 0.012 0.001 0.101 0.008 
12 0.031 0.731 0.039 0.116 0.017 0.002 0.141 0.021 
14 0.038 0.818 0.044 0.144 0.020 0.002 0.167 0.017 
15 0.012 0.242 0.015 0.013 0.007 <MRL 0.048 0.015 
17 0.021 0.461 0.017 0.032 0.012 0.001 0.078 0.018 
19 0.027 0.653 0.035 0.040 0.017 0.002 0.115 0.021 
21 0.033 0.751 0.045 0.051 0.020 0.002 0.136 0.024 
22 0.010 0.189 0.014 0.016 0.005 <MRL 0.035 0.014 
25 0.019 0.402 0.018 0.024 0.012 0.001 0.063 0.016 
28 0.025 0.630 0.051 0.049 0.019 0.002 0.100 0.022 








Table E.15: Experimental data for tire chips 6"×2" in pH 10.0 solution (mg/L) 
Days Aluminum Calcium Iron Potassium Magnesium Manganese Sulfur Zinc 
1 0.032 0.174 0.016 0.051 0.007 0.001 0.209 0.017 
3 0.041 0.152 0.041 0.067 0.005 0.001 0.271 0.014 
5 0.045 0.187 0.059 0.066 0.007 0.003 0.289 0.018 
7 0.046 0.207 0.057 0.078 0.009 0.004 0.315 0.237 
8 0.007 0.087 0.008 <MRL 0.002 <MRL 0.034 0.005 
10 0.015 0.137 0.014 <MRL 0.006 0.000 0.065 0.010 
12 0.022 0.165 0.027 0.019 0.008 0.001 0.086 0.024 
14 0.032 0.181 0.039 0.016 0.010 0.001 0.101 0.029 
15 0.009 0.092 0.011 <MRL 0.003 <MRL 0.028 0.004 
17 0.017 0.119 0.031 <MRL 0.006 <MRL 0.053 0.007 
19 0.021 0.155 0.055 0.008 0.009 0.001 0.066 0.015 
21 0.027 0.155 0.054 0.016 0.011 0.002 0.080 0.020 
22 0.005 0.098 0.022 <MRL 0.005 <MRL 0.017 0.006 
25 0.011 0.125 0.043 <MRL 0.008 0.002 0.034 0.018 
28 0.017 0.166 0.084 0.013 0.012 0.003 0.056 0.041 








Table E.16: Experimental data for crumb rubber in rainwater (at pH 3.0) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.217 1.986 0.193 14.997 
3 0.511 4.735 0.287 21.674 
5 0.681 5.896 0.318 24.163 
7 0.820 6.732 0.336 25.795 
8 0.085 0.552 0.012 1.039 
10 0.252 1.435 0.035 3.216 
12 0.360 2.001 0.050 4.961 
14 0.407 2.237 0.060 6.357 
15 0.037 0.272 0.005 0.680 
17 0.093 0.450 0.012 1.851 
19 0.134 0.609 0.020 3.090 
21 0.163 0.626 0.025 4.149 
22 0.030 0.186 0.003 0.523 
25 0.084 0.289 0.010 1.943 









Table E.17: Experimental data for tire chips 1"×1" in rainwater (at pH 3.0) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.038 36.863 0.259 0.514 
3 0.034 80.005 0.563 0.572 
5 0.039 114.271 0.764 0.701 
7 0.039 146.543 0.967 0.728 
8 0.001 18.624 0.128 0.043 
10 0.001 56.238 0.372 0.107 
12 0.002 88.300 0.576 0.172 
14 0.005 113.012 0.749 0.223 
15 0.001 5.508 0.033 0.024 
17 0.006 33.344 0.216 0.062 
19 0.008 59.514 0.389 0.105 
21 0.018 80.037 0.527 0.165 
22 0.010 13.685 0.091 0.023 
25 0.009 45.158 0.304 0.064 









Table E.18: Experimental data for tire chips 2"×2" in rainwater (at pH 3.0) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.053 21.129 0.143 0.601 
3 0.076 49.062 0.328 0.727 
5 0.086 62.894 0.429 0.777 
7 0.091 76.191 0.522 0.818 
8 0.001 7.982 0.046 0.031 
10 0.003 19.071 0.132 0.088 
12 0.006 26.996 0.196 0.140 
14 0.008 32.961 0.247 0.177 
15 0.002 2.856 0.015 0.021 
17 0.005 10.131 0.065 0.057 
19 0.016 16.559 0.120 0.097 
21 0.023 20.853 0.164 0.137 
22 0.012 4.188 0.025 0.020 
25 0.022 11.283 0.090 0.068 









Table E.19: Experimental data for tire chips 4"×2" in rainwater (at pH 3.0) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.041 24.287 0.148 0.487 
3 0.057 49.211 0.317 0.536 
5 0.057 61.215 0.424 0.577 
7 0.057 72.368 0.530 0.615 
8 0.001 9.589 0.063 0.044 
10 0.002 20.008 0.176 0.111 
12 0.004 27.065 0.260 0.173 
14 0.005 32.021 0.329 0.200 
15 0.001 3.151 0.016 0.023 
17 0.002 10.395 0.088 0.060 
19 0.004 15.619 0.162 0.100 
21 0.014 19.474 0.219 0.135 
22 0.005 5.070 0.037 0.019 
25 0.017 11.126 0.124 0.081 









Table E.20: Experimental data for tire chips 6"×2" in rainwater (at pH 3.0) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.046 34.291 0.223 0.555 
3 0.052 77.065 0.494 0.671 
5 0.060 102.980 0.655 0.735 
7 0.073 130.411 0.818 0.806 
8 0.000 17.075 0.102 0.042 
10 0.007 45.474 0.269 0.121 
12 0.024 63.025 0.381 0.187 
14 0.031 75.624 0.471 0.238 
15 0.003 3.630 0.020 0.025 
17 0.011 17.721 0.106 0.069 
19 0.008 29.586 0.186 0.114 
21 0.024 38.180 0.255 0.153 
22 0.010 6.168 0.036 0.023 
25 0.019 16.686 0.118 0.073 









Table E.21: Experimental data for crumb rubber in soft groundwater (at pH 6.3) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.003 0.002 0.053 3.819 
3 0.002 0.006 0.080 8.071 
5 0.002 0.011 0.099 11.162 
7 0.002 0.010 0.108 12.857 
8 0.003 0.011 0.007 1.158 
10 0.003 0.014 0.019 2.876 
12 0.003 0.018 0.027 4.292 
14 0.004 0.021 0.034 5.532 
15 0.002 0.007 0.004 0.893 
17 0.003 0.008 0.011 1.985 
19 0.003 0.013 0.017 2.946 
21 0.004 0.016 0.022 3.952 
22 0.002 0.003 0.003 0.627 
25 0.003 0.008 0.011 2.147 









Table E.22: Experimental data for tire chips 1"×1" in soft groundwater (at pH 6.3) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.001 0.140 0.031 0.218 
3 0.003 0.194 0.071 0.212 
5 0.002 0.437 0.105 0.182 
7 0.001 0.193 0.125 0.159 
8 0.001 0.117 0.026 0.016 
10 0.001 0.251 0.065 0.040 
12 0.002 0.274 0.089 0.045 
14 0.002 0.292 0.108 0.050 
15 0.002 0.118 0.024 0.013 
17 0.001 0.147 0.053 0.022 
19 0.001 0.211 0.078 0.028 
21 0.001 0.230 0.096 0.032 
22 0.001 0.073 0.023 0.006 
25 0.002 0.517 0.073 0.028 









Table E.23: Experimental data for tire chips 2"×2" in soft groundwater (at pH 6.3) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.003 0.254 0.024 0.157 
3 0.001 0.321 0.056 0.159 
5 0.003 0.730 0.086 0.142 
7 0.002 0.449 0.101 0.088 
8 0.006 0.192 0.024 0.012 
10 0.002 0.329 0.050 0.023 
12 0.001 0.385 0.074 0.030 
14 0.002 0.447 0.091 0.042 
15 0.001 0.166 0.025 0.007 
17 0.001 0.235 0.052 0.015 
19 0.001 0.288 0.072 0.020 
21 0.001 0.323 0.092 0.022 
22 0.001 0.112 0.022 0.002 
25 0.002 0.556 0.065 0.017 









Table E.24: Experimental data for tire chips 4"×2" in soft groundwater (at pH 6.3) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.005 0.232 0.023 0.248 
3 0.001 0.185 0.044 0.388 
5 0.002 0.309 0.059 0.413 
7 0.002 0.241 0.070 0.366 
8 0.000 0.084 0.012 0.058 
10 0.001 0.251 0.029 0.116 
12 0.001 0.199 0.039 0.129 
14 0.002 0.256 0.048 0.147 
15 0.001 0.099 0.013 0.037 
17 0.001 0.163 0.026 0.063 
19 0.001 0.254 0.040 0.091 
21 0.001 0.214 0.046 0.101 
22 0.001 0.088 0.014 0.030 
25 0.002 0.315 0.035 0.071 









Table E.25: Experimental data for tire chips 6"×2" in soft groundwater (at pH 6.3) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.003 0.385 0.019 0.193 
3 0.001 0.321 0.043 0.232 
5 0.002 0.406 0.063 0.190 
7 0.001 0.306 0.074 0.158 
8 0.001 0.117 0.017 0.021 
10 0.001 0.316 0.039 0.040 
12 0.001 0.284 0.053 0.044 
14 0.002 0.357 0.066 0.051 
15 0.001 0.172 0.021 0.014 
17 0.002 0.306 0.042 0.025 
19 0.001 0.310 0.057 0.030 
21 0.001 0.311 0.067 0.031 
22 0.001 0.150 0.026 0.009 
25 0.002 0.482 0.059 0.019 









Table E.26: Experimental data for crumb rubber in hard groundwater (at pH 8.1) (mg/L)
Days Aluminum Iron Manganese Zinc 
1 0.007 0.005 0.032 1.017 
3 0.005 0.004 0.039 1.130 
5 0.009 0.014 0.045 1.796 
7 0.007 0.007 0.047 1.625 
8 0.004 0.005 0.004 0.814 
10 0.008 0.007 0.009 1.799 
12 0.006 0.003 0.012 2.080 
14 0.003 0.001 0.014 1.982 
15 0.010 0.002 0.002 0.618 
17 0.009 0.007 0.004 1.132 
19 0.011 0.012 0.007 1.577 
21 0.009 0.013 0.008 1.658 
22 0.002 0.005 0.002 0.584 
25 0.015 0.013 0.006 1.701 









Table E.27: Experimental data for tire chips 1"×1" in hard groundwater (at pH 8.1) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.008 0.003 0.030 0.031 
3 0.003 0.002 0.051 0.029 
5 0.005 0.006 0.069 0.036 
7 0.004 0.006 0.081 0.035 
8 0.002 0.005 0.017 0.010 
10 0.004 0.010 0.038 0.016 
12 0.006 0.016 0.054 0.020 
14 0.009 0.022 0.065 0.022 
15 0.001 0.013 0.013 0.008 
17 0.004 0.032 0.029 0.009 
19 0.006 0.021 0.042 0.013 
21 0.005 0.023 0.055 0.022 
22 0.001 0.039 0.011 0.004 
25 0.004 0.016 0.031 0.010 









Table E.28: Experimental data for tire chips 2"×2" in hard groundwater (at pH 8.1) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.010 0.005 0.019 0.112 
3 0.008 0.003 0.018 0.116 
5 0.007 0.009 0.015 0.124 
7 0.007 0.014 0.017 0.130 
8 0.003 0.004 0.003 0.044 
10 0.002 0.011 0.007 0.071 
12 0.005 0.022 0.011 0.089 
14 0.009 0.025 0.014 0.108 
15 0.001 0.003 0.003 0.023 
17 0.005 0.010 0.006 0.051 
19 0.002 0.009 0.008 0.069 
21 0.007 0.055 0.012 0.083 
22 0.001 0.003 0.002 0.019 
25 0.002 0.007 0.007 0.050 









Table E.29: Experimental data for tire chips 4"×2" in hard groundwater (at pH 8.1) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.007 0.002 0.010 0.058 
3 0.008 0.005 0.010 0.057 
5 0.007 0.003 0.013 0.062 
7 0.009 0.005 0.015 0.067 
8 0.002 0.001 0.003 0.020 
10 0.004 0.005 0.007 0.034 
12 0.005 0.002 0.010 0.057 
14 0.007 0.004 0.012 0.068 
15 0.001 0.002 0.002 0.011 
17 0.001 0.002 0.005 0.024 
19 0.003 0.004 0.007 0.039 
21 0.004 0.007 0.009 0.035 
22 0.001 0.001 0.001 0.010 
25 0.004 0.006 0.005 0.024 









Table E.30: Experimental data for tire chips 6"×2" in hard groundwater (at pH 8.1) (mg/L) 
Days Aluminum Iron Manganese Zinc 
1 0.005 0.003 0.027 0.046 
3 0.005 0.004 0.024 0.058 
5 0.004 0.007 0.025 0.065 
7 0.005 0.012 0.030 0.066 
8 0.001 0.009 0.012 0.023 
10 0.003 0.009 0.022 0.037 
12 0.003 0.013 0.029 0.037 
14 0.009 0.018 0.035 0.087 
15 0.003 0.004 0.009 0.008 
17 0.004 0.009 0.017 0.018 
19 0.004 0.010 0.022 0.022 
21 0.010 0.012 0.026 0.026 
22 0.002 0.005 0.008 0.008 
25 0.003 0.011 0.019 0.020 
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